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Collectively, ticks transmit the greatest variety of pathogenic microorganisms of any 
arthropod group, and worldwide tick-borne pathogens are emerging infectious threats to 
people, domestic animals, and wildlife. Bacterial pathogens in the genera Anaplasma, 
Ehrlichia, Neoehrlichia (Family: Anaplasmataceae), and Borrelia (Family: 
Spirochaetaceae) are responsible for a large proportion of tick-borne infections 
worldwide and contain a high diversity of species, each with their own ecological niche 
comprising different vertebrate and tick hosts. Although well studied around the world 
due to their pathogenic effects on people and animals, until recently no members of these 
genera had been identified as indigenous to Australia. Recent findings indicate that in fact 
Australia does contain a wide diversity of native Anaplasma, Ehrlichia, Neoehrlichia, and 
Borrelia spp., however the initial identification of these organisms was based on short 
DNA sequences that contained insufficient genetic information for accurate taxonomic 
identification. The aim of this thesis was to confirm the presence of these species in 
native Australian ticks and to investigate the molecular systematics, taxonomy, and 
genomics of newly identified Australian Anaplasma, Ehrlichia, Neoehrlichia, and 
Borrelia spp. 
 
Initially, due to their medical and veterinary significance, two native Australian tick 
species, Ixodes holocyclus and Amblyomma triguttatum subsp. were examined for novel 
Anaplasma, Ehrlichia, and Neoehrlichia spp. A total of 391 questing and blood-fed I. 
holocyclus nymphs and adults were sampled from almost the entire enzootic range of the 
tick from coastal north Queensland to coastal southern New South Wales, and 609 
questing Am. triguttatum subsp. nymph and adult ticks were sampled from four distinct 
locations in southwest Western Australia (Yanchep National Park and Bungendore 
Regional Park), northern Western Australia (Barrow Island), and South Australia (Innes 
National Park). Ticks were screened for novel Anaplasma, Ehrlichia, and Neoehrlichia 
spp. using genus-specific PCR and qPCR assays and broader pan-Anaplasmataceae 
nested PCR assays.  
 
Two new Neoehrlichia spp. named ‘Candidatus Neoehrlichia australis’ and ‘Candidatus 
Neoehrlichia arcana’ were identified in 8.7% and 3.1% of I. holocyclus samples, 
respectively, and co-infections with both species were detected in two samples. 
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Phylogenetic reconstructions of 16S rRNA (1,264 bp), groEL (1,047 bp), and gltA (561 
bp) gene sequences clearly indicated that these new species were highly similar to, but 
distinct from other (northern hemisphere) Neoehrlichia spp., and formed a highly 
supported monophyletic clade with other Neoehrlichia spp. 
 
In Am. triguttatum subsp. ticks a new Ehrlichia sp. named ‘Candidatus Ehrlichia 
occidentalis’ was identified in samples from southwest Western Australia and South 
Australia, but not northern Western Australia, with prevalences ranging from 4.2% in 
Innes National Park, South Australia, to 15.2% in Bungendore Regional Park in 
southwest Western Australia. Phylogenetic analyses of 16S rRNA (1,281 bp), groEL 
(1,067 bp), gltA (1,033 bp), and map1 (655 bp) gene sequences indicated that ‘Can. 
Ehrlichia occidentalis’ is distinct from all previous described Ehrlichia spp., but is most 
closely related to E. ruminantium and Ehrlichia sp. Panola Mtn., and forms a 
monophyletic clade with these species. Additionally, novel A. bovis genotypes were 
identified in 4.3% of tick samples from Yanchep National Park and 1.4% of samples from 
Barrow Island. This was the first detection of A. bovis in Australia, and phylogenetic 
analysis of 16S rRNA (1,265 bp) and groEL (1,184 bp) gene sequences show that they 
are distinct and peripheral from all other genotypes worldwide, but cluster with 
geographically similar genotypes from Southeast Asia. This data suggests that A. bovis 
may have entered the Australian continent long after its separation from other 
Gondwanan landmasses, perhaps during the Miocene (20-5 mya), when Australia was 
much closer to the Indonesian archipelago and radiations of bats and rodents first entered 
Australia. 
 
Additionally, the bacterial microbiome of the platypus tick, I. ornithorhynchi, was 
investigated with 16S rRNA gene metabarcoding, uncovering another new Australian 
Ehrlichia sp. that was distinct from ‘Candidatus Ehrlichia occidentalis’. This Ehrlichia 
sp. was also identified in I. ornithorhynchi ticks and platypus (Ornithorhynchus anatinus) 
blood samples from Queensland and Tasmania that were screened with pan-
Anaplasmataceae PCR assays, and 16S rRNA (1,343 bp), groEL (1,074 bp), and gltA 
(1,004 bp) gene sequences were produced. Intracellular inclusions consistent with 
Ehrlichia spp. were also observed in blood smears from Tasmanian platypuses that were 
positive for the novel Ehrlichia, but not in negative samples. Phylogenetic reconstructions 
showed conclusively that this Ehrlichia sp. was distinct from all previously described 
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species, however, phylogentically clustered with high support with ‘Candidatus Ehrlichia 
khabarensis’ that was recently identified in voles in far eastern Russia, and was named 
‘Candidatus Ehrlichia ornithorhynchi’. 
 
Following the discovery of endemic Anaplasma, Ehrlichia, and Neoehrlichia spp. in 
native Australian ticks, an investigation co-led by the Department of Agriculture and 
Food, Western Australia was conducted to confirm the presence of a novel Ehrlichia sp. 
that had been detected in the spleen of a Bos indicus Brahman weaner calf during a 
routine post mortem investigation. Initially, molecular screening for A. marginale 
returned a short (200 bp) E. canis-like 16S rRNA sequence, however taxonomic 
discrimination was not possible with the short sequence, and confirmatory testing by the 
Australian Animal Health Laboratory did not detect any Ehrlichia or Anaplasma spp. 
Therefore, spleen samples were sent to the Murdoch University Vector and Water-Borne 
Pathogens Research Laboratory where confirmatory testing was performed with pan-
Anaplasmataceae and Ehrlichia-specific PCR assays. 
 
Testing confirmed the presence of Ehrlichia DNA in the spleen tissue, and phylogenetic 
analysis of Ehrlichia 16S rRNA (1,126 bp), groEL (1,040 bp), and dsb (362 bp) gene 
sequences indicated with high confidence that the species was E. mineirensis, a recently 
described species transmitted by Rhipicephalus microplus sensu lato ticks, which has 
been found naturally infecting cattle and mule deer in South America and Canada, where 
it does not cause clinical illness in cattle under natural settings. Additionally, a 16S rRNA 
sequence (955 bp) was also produced which was consistent with ‘Candidatus Anaplasma 
boleense’, a novel Anaplasma species previously identified in ticks, mosquitoes and a 
variety of bovines, cervines, and other wild mammals in China and Malaysia. This is the 
first identification of these organisms in Australia, and it is unknown how endemic these 
organisms are in Australia or whether they recently entered the continent with imported 
cattle. The animal from which these organisms were identified did not have clinical or 
pathological findings consistent with anaplasmosis or ehrlichiosis, and evidence from this 
case and overseas suggests that E. mineirensis is not a major threat to animal health. 
Nevertheless, it is unknown what effects these organisms may have when co-infected 
with tick-borne cattle fever agents such as A. marginale, and further research is needed to 
understand its endemicity and potential impacts on cattle health in Australia. 
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Finally, in collaboration with the German National Reference Centre for Borrelia, high 
throughput sequencing and metagenomic assembly techniques were used to construct the 
genomes of the recently described Australian Borrelia sp., ‘Candidatus Borrelia 
tachyglossi’, and B. turcica, a closely related species associated with tortoises. These 
Borrelia spp. are of high interest because of their unique phylogenetic position compared 
to the Lyme borreliosis-causing and relapsing fever-associated clades, and their unique 
but poorly understood associations with ixodid vectors and reptile and monotreme hosts. 
The genome of ‘Candidatus Borrelia tachyglossi’ was sequenced directly from a single 
engorged female Bothriocroton concolor tick that was removed from an echidna 
(Tachyglossus aculeatus) host using Illumina technology, and after assembly the full 
linear chromosome (937,305 bp), as well as three incomplete linear plasmids and one 
complete circular plasmids was recovered. Borrelia turcica, however, was sequenced 
from a cultured isolate (IST7), using both Illumina and Pacific Biosciences single 
molecule real time technologies, to produce a complete genome containing the entire 
linear chromosome (957,653 bp), five complete linear plasmids, and one complete 
circular plasmid. 
 
Comparative genomics revealed that B. turcica and ‘Candidatus Borrelia tachyglossi’ 
have distinct relapsing fever-like genomes that contain characteristics such as 
evolutionary conserved spirochete orthologous gene clusters, horizontally acquired purine 
metabolism genes, large linear plasmids (megaplasmids), and components of a 
multiphasic antigen switching system that are unique to relapsing fever Borrelia spp. 
Nevertheless, whole genome phylogenetic inference highlights the evolutionary 
divergence between these species and the main relapsing fever Borrelia clade, and 
showed that these species diverged from the relapsing fever lineage very early after the 
Lyme borreliosis-relapsing fever split. The genomes of B. turcica and ‘Candidatus 
Borrelia tachyglossi’ also showed signs of lineage specific adaptation, such as expanded 
suites of macronutrient (purine, glycogen, and maltose) metabolism genes, and signs of 
genomic decay, with numerous genes involved in post transcriptional tRNA nucleoside 
modification either degraded into pseudogenes or deleted from the genomes. 
Additionally, despite being more closely related to relapsing fever Borrelia spp., these 
Borrelia species shared some ancestral orthologs with the Lyme borreliosis Borrelia 
clade, potentially indicating that these diverse organisms share some conserved 
phenotypic characteristics.  
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Work presented in this thesis provides the first insight into the diversity of tick-borne 
Anaplasmataceae in Australia and begins to explore their molecular systematics and 
taxonomy. Furthermore, assembling and characterising the genomes of B. turcica and 
‘Candidatus Borrelia tachyglossi’ has resulted in significant insights into their biology 
and potential phenotypes in vertebrate and ticks, and provides an important foundation for 
continued research into Borrelia taxonomy, biology, and genomics. The outcomes of this 
thesis significantly informs our view of Australian ticks and their associated 
microorganisms and form the genesis of a wide range of research projects investigating 
further the biology, ecology, and potential health impacts of emerging Anaplasmataceae 
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1.1 INTRODUCTION 
Ticks (Acari: Ixodidae) are haematophagous obligate ectoparasitic arachnids, that are 
distributed globally and parasitise a wide range of vertebrates, including reptiles, birds, 
mammals, and humans (Githeko et al., 2000; Dantas-Torres et al., 2012). Collectively, 
ticks are a major vector of blood-borne pathogens to their vertebrate hosts and as a group 
can transmit the greatest diversity of animal and human pathogens of any arthropod 
vector. Indeed, after mosquitoes ticks are responsible for the most cases of arthropod-
borne disease in humans annually (Parola & Raoult, 2001). Bacterial pathogens are 
responsible for the vast majority of tick-borne infections worldwide, with a large 
proportion of these caused by tick-borne Rickettsiales (Alphaproteobacteria), such as 
Anaplasma, Ehrlichia, and Neoehrlichia spp., and spirochaetes in the genus Borrelia 
(Parola & Raoult, 2001; Dantas-Torres et al., 2012). These bacterial genera contain a high 
diversity of species, each with their own ecological niches comprising different vertebrate 
and tick hosts, and lifestyles, which can be parasitic, commensal, and symbiotic (with tick 
hosts).  
 
While these highly diverse bacterial genera have been relatively well studied worldwide, 
little is known about their occurrence or diversity in Australia, which is a uniquely 
isolated continent that has been separated from other Gondwanan landmasses for ~ 40 
million years (Long, 2017). This isolation has led to the evolution of Australia’s unique 
vertebrate fauna, and also a unique endemic tick fauna, which includes 71 species, most 
of which only occur in Australia (Roberts, 1970; Barker & Walker, 2014; Ash et al., 
2017). Compared to other continents, Australia also has (prior to work presented in this 
thesis) a relatively low diversity of tick-borne bacterial organisms, with only two tick-
borne bacterial pathogens, R. australis and R. honei, known to infect people (Graves & 
Stenos, 2017). Until recently, Australia was also thought to be free from any native 
Anaplasma, Ehrlichia, Neoehrlichia, or Borrelia species, although several animal 
pathogens such as Anaplasma marginale, A. centrale, A. platys, Borrelia theileri, and B. 
anserina have been introduced to Australia during the last 230 years through the 
importation of domestic animals (cattle, dogs, and poultry), and their associated ticks, 
Rhipicephalus australis (microplus), Rh. sanguineus, and Argas persicus, respectively 
(Callow, 1967; Angus, 1996; Brown et al., 2006; Jonsson et al., 2008; Barker & Walker, 
2014).  
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Recent molecular microbiome profiling of native Australian ticks has for the first time 
produced preliminary evidence of novel Anaplasma, Ehrlichia, Neoehrlichia, and 
Borrelia spp. in native Australian ticks (Gofton et al., 2015; Gofton et al., 2015b). 
However, the identification of these putative new species was based largely on short (~ 
300 bp) 16S rRNA sequences, which contain insufficient genetic information for accurate 
taxonomic identifications. 
 
Worldwide the number of novel pathogenic bacteria associated with ticks is increasing, 
and with this comes a need to develop strategies to prevent and treat these emerging 
threats to human and animal health (Narasimhan & Fikrig, 2015). However, in order to 
develop such strategies, we must first understand the fundamental systematics, biology, 
and epidemiology of emerging bacterial organisms. The experimental work described in 
the chapters within this thesis start that process, by investigating the molecular 
systematics, taxonomy, and genomics of newly discovered Australian Anaplasma, 
Ehrlichia, Neoehrlichia, and Borrelia spp. Despite the fact that these organisms are yet to 
be studied in detail within their Australian ecologies, much is already known about the 
biology and epidemiology of their close relatives from other continents. Herein follows a 
brief review of the systematics, biology, and epidemiology of Anaplasma, Ehrlichia, 
Neoehrlichia, and Borrelia spp. globally, that will frame and contextualise the findings 
and significance of later chapters. 
 
1.2 TICKS & TICK-BORNE BACTERIAL PATHOGENS 
 1.2.1 Ticks as vectors of bacterial pathogens 
Ticks (Acari: Ixodidae) are ectoparasitic arachnids that fall into one of three families, the 
hard ticks (Ixodidae) which have a tough sclerotized dorsal plate, or scutum, soft ticks 
(Argasidae) which have a soft flexible cuticle, and the Nuttalliellidae which contains only 
one species, Nuttalleilla namaqua. Ixodids are the most diverse, numerous, and 
widespread of the tick families, containing over 702 currently recognised species 
organised into 14 genera. There are approximately 180 argasid species, which are 
organised into five genera; however, the taxonomic organisation of argasids is still 
uncertain and requires more study (Horak et al., 2002). 
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Argasids and ixodids differ greatly in their biology, physiology, and ecology, which 
significantly alters their capacity to transmit bacterial pathogens. Worldwide ixodids 
transmit a greater variety of bacterial pathogens than argasids and are responsible for the 
majority of animal and human tick-borne illnesses (Parola & Raoult, 2001; Dantas-Torres 
et al., 2012). Ixodids develop through three distinct life stages, larvae, nymph, and adult, 
reaching sexual maturity as adults and differentiating into either males or females. At 
each life stage, ixodids take a blood meal from a vertebrate host, which they use as 
nourishment to develop to the next life stage, or for the development of eggs. Because 
only one blood-meal is taken at each life stage, ixodids feed for an extended period of 
time (2-15 days), during which they ingest a significant amount of blood and can increase 
their body weight up to 120 fold (Seebeck et al., 1971). As ixodids remain attached to 
their hosts for extended periods, they can also be distributed widely by their hosts’ 
movements while feeding. 
 
When not feeding, the majority of ixodids are exophilic and spend up to 90% of their life 
off hosts in the open environment seeking new hosts (Needham & Teel, 1991). Ixodids 
can be classified as one-host, two-host, or three-host ticks, depending on the number of 
hosts they utilise to feed from during their lifecycle. For example, one-host ticks remain 
on their primary hosts throughout moults and subsequently feed from the same animal, 
while three-host ticks drop off their host after each blood-meal, moult in the environment, 
and then actively seek a new host, which may be a different host species. While many 
ixodids have highly specific host preferences, such as Rh. sanguineus, which parasitises 
Canidae spp. (dogs, wolves, and jackals), many are also generalist feeders and will 
readily feed from any available vertebrate. For example the castor bean tick, I. ricinus, 
can be commonly found on rodents and other small mammals, ungulates, birds, 
companion animals, and humans (Jensen, 2000). Ixodids can also survive in the 
environment for up to three years without a blood meal, and can enter a state of 
quiescence when environmental conditions are unfavourable, or hosts are scarce 
(Needham & Teel, 1991).  
 
Conversely, argasids are predominantly nidicolous ticks, and usually complete their 
lifecycle without leaving the vicinity of their preferred host (Vial, 2009). Many argasids 
live in animal burrows or nests, or in concealed cracks and nooks in the environment, 
from which they have easy access to hosts, and often have highly specific host 
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preferences. Argasids also develop through larval, nymphal, and adult (male and female) 
life stages, however they can have up to 7 nymphal life stages and have the ability to 
delay moulting to the next life stage if environmental conditions are unfavourable or hosts 
are scarce. Argasids can also feed from hosts multiple times during each life stage but 
take only small blood meals for up to an hour at a time and will often repeat feed from the 
same host if available. For this reason, many argasids have a limited geographic 
distribution, bound by the ranges of their preferred hosts, and are not distributed far by 
hosts due to the limited time they spend feeding. Because of the limited distribution and 
host preference of argasids, the epidemiology of argasid-transmitted pathogens is often 
focused around specific geographic foci in which reservoir hosts, argasid vectors, and 
naïve disease hosts interact (Vial, 2009). Regardless, the transmission of pathogens from 
argasids ticks to animals and humans is common, especially in agricultural settings and 
animal breeding sites (bird colonies, poultry farms, stables/barns), where humans, 
domestic animals, wildlife reservoirs, and argasids all come into contact, or for example, 
in the case of the North American argasid Onithodoros hermsi, when people overnight in 
rodent and tick-infested cabins (Dworkin et al., 2008).  
 
 1.2.2 The sylvatic lifecycle of tick-borne bacterial pathogens 
All tick-borne bacterial pathogens persist in nature by repeatedly infecting susceptible 
wildlife or domestic animal species, which are referred to as the pathogens’ reservoir 
host. Infections in reservoir host populations are maintained by tick-borne transmission 
between animals within the population. A single tick-borne bacterial pathogen can have 
just one, or several reservoir species. For example ungulates, rodents and other small 
mammals, are all reservoirs for A. phagocytophilum in Europe, while A. platys occurs 
only in canids (Stuen et al., 2013). Animal reservoirs not only provide a source of 
infection for ticks, but also amplify the number of infectious organisms, and over its 
lifetime a single bacteraemic animal can infect many ticks. Typically, reservoir species 
have coevolved with both ticks and tick-borne bacteria and are asymptomatic or display 
only mild disease symptoms. Humans and many domestic animals, however, are outside 
of the normal host range of most ticks and their bacteria, and transmission occurs to these 
hosts when ticks with generalist feeding habits incidentally bite humans or domestic 
animals, frequently resulting in clinical illness. 
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Because ixodids feed only once at each developmental life stage, pathogenic bacteria 
must persist transtadially within the tick during moults (i.e. the pathogen remains with the 
vector from one life stage to the next), and until the next feeding event, to be transmitted 
to a new vertebrate host (Hajdusek et al., 2013). Although most tick species can acquire 
pathogens during a blood meal, the inability or reduced efficiency of pathogenic bacteria 
to persist in particular tick species is a major factor that influences the epidemiology of 
tick-borne pathogens, and limits the number of tick species that can act as vectors 
(Hajdusek et al., 2013). For example, many Ixodes species have been shown to acquire 
the pathogenic B. burgdorferi sensu stricto (s.s.) species from a host blood meal or 
experimental inoculation, however, most species shed the infection during moults and 
therefore cannot transmit the infection at their next feeding event (Tilly et al., 2008; 
Herrmann et al., 2013).  
 
Ticks are typically regarded only as vectors of pathogens, however, they can also act as 
reservoirs, if the pathogenic bacteria are transovarially transmitted directly from parent to 
offspring. Transovarial transmission is typical for many Rickettsia spp., which multiply in 
all tick tissues, especially the salivary glands from where they are transmitted to 
vertebrate hosts, and in the ovaries, from where they infect developing eggs and are 
transferred vertically (Raoult & Roux, 1997). 
 
Tick-borne zoonotic pathogens have complex life cycles that include interactions with 
ticks, reservoir hosts, and human hosts. Because of this there are many factors that 
influence the epidemiology of tick-borne zoonoses, including abiotic factors such as 
temperature and humidity that affect the activity levels and questing behaviour of ticks 
(Khatchikian et al., 2012; Jones et al., 2015), biotic factors such as the availability of 
vertebrate hosts, the level and duration of bacteraemia in host animals, the tick infestation 
rate of host animals (Sherrard-Smith et al., 2012), and genetic factors of ticks, pathogens, 
and hosts that enable the organisms to invade and disseminate in the tick, be transmitted 
to a new vertebrate host, and maintain persistent infection in reservoir hosts (Cook, 2015). 
Because of these complex interactions tick-borne zoonoses are usually endemic to finite 
geographic distributions, where specific vector ticks and reservoir hosts interact 
sufficiently to allow the circulation of tick-borne pathogens. In regions where multiple 
tick-borne pathogens share the same vector ticks, co-infections are common and a single 
tick can carry and transmit up to three infections (Leutenegger et al., 1999; Skotarczak et 
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al., 2003; Andersson et al., 2014). For example, I. ricinus is a vector of B. burgdorferi 
sensu lato (s.l.), A. phagocytophilum, and ‘Candidatus (Can.) Neoehrlichia mikurensis’ in 
Europe (Skotarczak et al., 2003; Swanson et al., 2006; Obiegala et al., 2014). 
 
After being acquired by a tick, bacteria employ a variety of strategies to evade the ticks’ 
innate and humoral immune systems and to facilitate egress into new hosts, which 
ultimately influence the dynamics and timing of pathogen transmission (Hajdusek et al., 
2013). After entering the tick with a blood meal, bacteria first encounter the ticks’ 
midgut, and their ability to colonize and persist in the midgut lumen is one of the critical 
factors influencing their survival within the tick. After colonizing the midgut, different 
pathogenic bacteria have variable tissue tropisms, which can greatly influence the 
dynamics and timing of pathogen transmission (Jensen, 2000). For example, after 
colonizing the midgut, B. burgdorferi s.l. remains there during moulting and until the next 
feeding event. After feeding begins, molecular mechanisms mediated by both the bacteria 
and the tick, facilitate migration of the bacteria to the salivary glands, from where it is 
then transmitted to the host via the ticks’ saliva (Pal et al., 2004; Narasimhan et al., 2007). 
The process of migrating from the midgut to the salivary glands can take upwards of 16 
hours, and therefore there is a significant delay between the initiation of feeding and 
transmission of B. burgdorferi s.l. (Cook, 2015). However, intracellular bacteria such as 
A. phagocytophilum generally migrate from the midgut to the salivary glands long before 
tick feeding commences and so are generally transmitted much quicker via the saliva to a 
new vertebrate host (Hajdusek et al., 2013). 
 
1.3 ANAPLASMA, EHRLICHIA, & NEOEHRLICHIA 
1.3.1 Evolution and systematics 
Anaplasma, Ehrlichia, and Neoehrlichia (Class: Alphaproteobacteria; Family: 
Anaplasmataceae) are monophyletic sister genera that exclusively contain obligate 
intracellular arthropod-borne bacteria, all of which have similar morphologies, life cycles 
and genome structures (Dumler et al., 2001; Kawahara et al., 2004) (Fig. 1.1; Table 1.1). 
In 2001, the genera within Anaplasmataceae underwent a significant systematic 
reorganisation that reclassified and consolidated several species and genogroups based on 
16S rRNA and groEL gene phylogenetic analyses (Dumler et al., 2001). There are 
currently 10 Anaplasma spp., 11 Ehrlichia spp., and three Neoehrlichia spp. recognised, 
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as well as numerous genetic variants and putative novel species (Fig. 1.1; Table 1.1). 
Additionally, Cryptoplasma is a novel putative genus containing one species  ‘Can. 
Cryptoplasma californiense’ (Eshoo et al., 2015), now also grouped within this clade, 
with Anaplasma and Cryptoplasma, and Ehrlichia and Neoehrlichia being monophyletic, 
respectively, and all four genera also remaining monophyletic with respect to other 
Anaplasmataceae genera such as Neorickettsia and Wolbachia (Fig. 1.1).  
 
Extant Anaplasmataceae species have almost exclusive associations with tick vectors, and 
it is thought than modern Anaplasmataceae evolved from wholly tick-associated 
ancestors that may have had symbiotic or commensal relationships with their hosts, and 
that transmission through vertebrate hosts was a secondarily acquired attribute (Darby et 
al., 2007).  The Rickettsiales order, which includes the Anaplasmataceae and 
Rickettsiaceae, is a paradigm of reductive genome evolution, which is a process of 
progressive genome reduction associated with obligate intracellular and parasitic life 
styles (Wernegreen, 2005). Reductive genome evolution is associated with rapid 
nucleotide mutation rates, low levels of horizontal gene transfer, host specialisation, and 
high levels of gene loss, which is progressively exaggerated in vertebrate-pathogenic 
species compared to vertebrate-benign or tick symbiotic species (Merhej & Raoult, 2010). 
There is even evidence that during the course of reductive genome evolution, there is a 
common sequence in which genes are progressively lost over time (Blanc et al., 2007). 
 
Worldwide the number of novel Anaplasma, Ehrlichia, and Neoehrlichia species, 
subspecies, and genetic variants is growing rapidly, in part due to increased molecular 
surveillance of these organisms in both known and new vertebrate hosts and tick vectors. 
Some recent and notable additions to these genera are; Ehrlichia sp. Panola Mountain 
(Loftis et al., 2008), which is closely related to E. ruminantium and was identified in 
white-tailed deer in the southeast USA and subsequently implicated in human illness 
(Reeves et al., 2008); Ehrlichia sp. HF (and related genotypes) from I. ovatus and wild 
mice and domestic dogs in Japan (Shibata et al., 2000; Inokuma et al., 2001; Naitou et al., 
2006; Kenji et al., 2007); and ‘Can. Anaplasma boleense’, which is the only species from 
these genera detected solely from mosquito hosts (Guo et al., 2016), raising questions 
about the exclusivity of these genera’s relationships with tick vectors. 
 
 




FIGURE 1.1. Radial Cladogram of Anaplasma, Ehrlichia, and Neoehrlichia species 
among other Anaplasmataceae genera with Rickettsia as an out-group. 
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TABLE 1.1. Characteristics of the Anaplasma, Ehrlichia, and Neoehrlichia species 
worldwide. 




ticks Primary hosts Disease Reference 
Anaplasma  








ruminants Bovine anaplasmosis (Aubry & Geale, 2011) 











anaplasmosis - vaccine 
to A. marginale 
(Bock & Vos, 2008) 
A. ovis Erythrocytes North America Europe, Asia Ixodes spp. 
Sheep, goats, 
wild ruminants 
Ovine, caprine, & 
human anaplasmosis (Renneker et al., 2013) 
A. capra Leukocytes China I. persulcatus Goats Caprine & human anaplasmosis (Li et al., 2015) 











anaplasmosis in a wide 
variety of hosts 
(Rikihisa, 2010) 









Cattle, buffaloes Mild bovine anaplasmosis 
(Rar & Golovljova, 
2011) 




R. sanguineus Canines Canine cyclic thrombocytopenia (Carrade et al., 2009) 
‘Can. Anaplasma 
camelii’ - North Africa Hyalomma spp. 
Camelus 
dromedarius - 
(Bastos et al., 2015; Ait 
Lbacha et al., 2017) 
A. odocoilei Platelets North America A. americanum (probable vector) 
Odocoileus 
virginianus - (Tate et al., 2013) 
‘Can. Anaplasma 










Endothelium Europe I. ricinus Rodents Human neoehrlichiosis (Kawahara et al., 2004) 
N. lotoris - South-east USA - Racoons - (Yabsley et al., 2008) 
‘Can. Neoehrlichia 
chilensis’ - Chile - Rodents - (Muller et al., 2018) 
Ehrlichia  








Human & canine 
monocytic                
ehrlichiosis 
(Rikihisa, 2010) 




R. sanguineus & 
D. veriabilis Canines 
Human & canine 
monocytic                
ehrlichiosis 
(Conrad, 1989) 








Human & canine 
ehrlichiosis (Buller et al., 1999) 




























- (Rar et al., 2010; Rar et al., 2015) 
‘Can. Ehrlichia 
shimanensis’ - Japan H. longicornis Cervus nippon - (Kawahara et al., 2006) 
Ehrlichia sp. Panola 
Mtn, - 
Southwest 
USA A. americanum 
Odocoileus 
virginianus 
Mild human myalgia & 
arthralgia  (Loftis et al., 2006) 
Ehrlichia sp. HF -  I. ovatus Wild mice and domestic dogs - (Shibata et al., 2000) 
‘Can. Ehrlichia 
regneryi’ - Saudia Arabia - 
Camelus 
dromedarius - (Bastos et al., 2015) 




(Aguiar et al., 2014; 
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1.3.2 Life cycle and transmission 
Anaplasma, Ehrlichia, and Neoehrlichia spp. are Gram-negative coccoid (0.2-0.4 μm) 
cells that persist in transmission cycles through ticks and vertebrate hosts, in which 
vertebrate hosts act as ecological reservoirs and ticks as transmission vectors. Within 
vertebrate hosts these species infect haematopoietic and/or endothelial cells, with each 
species having their own host cell preferences, most commonly neutrophils, monocytes, 
macrophages, erythrocytes, or platelets (Table 1.1). Upon infecting a host cell, 
Anaplasma, Ehrlichia, and Neoehrlichia spp. encapsulate within membrane bound 
intracytoplasmic vacuoles, in which they evade host immune responses and rapidly 
multiply by binary fission. When these intracytoplasmic inclusions become full, they 
actively egress from the host cell either by exocytosis or lysis of the host cell, with the 
majority of clinical disease signs and symptoms in vertebrates being caused by the 
destruction of host cells (Rikihisa, 2010). 
 
Ixodid ticks become infected with Anaplasma, Ehrlichia, and Neoehrlichia spp. by 
feeding from infected hosts. Acquisition of these bacteria by ticks can occur at any life 
stage and can persist transstadially and be ready for transmission during subsequent blood 
meals. Because of this, infection rates are often higher in adult tick vectors than larval or 
nymphal stages, due to the increased opportunity to encounter an infected host or the 
accumulation of infection microorganisms resulting from infection of both immature tick 
stages. Unlike Rickettsia spp., there is no evidence that any Anaplasma, Ehrlichia, or 
Neoehrlichia spp. undergo transovarial (vertical) transmission from adult ticks to their 
progeny (Long et al., 2003; Stuen et al., 2013). Additionally, non-systemic transmission 
from an infected tick to an uninfected tick while co-feeding from a common site on a 
host, is thought not to occur as it does for viral and Borrelia spp. pathogens. This is 
thought to be due to the down regulation of bacterial adhesion outer surface proteins 
during blood feeding. 
 
After entering a tick with a blood meal, Anaplasma, Ehrlichia, and Neoehrlichia spp. first 
infect the midgut epithelium, where primary bacterial reapplication occurs. After tick 
moulting, the bacteria then move via the haemolymph to the salivary glands, where they 
infect the epithelial cells and undergo a second replication phase. At the onset of 
subsequent blood feeding events, stimuli within the tick prompt the bacteria to egress 
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from the salivary gland epithelium into the salivary secretion and are rapidly transmitted 
into the vertebrate host. 
 
 1.3.3 Disease in domestic animals and humans 
Anaplasma and Ehrlichia infection in domestic animals have been documented since the 
early 20th century, with species such as A. marginale and E. ruminantium causing severe 
disease in domestic cattle, and currently 13 Anaplasma and Ehrlichia species are known 
to cause clinical disease in domestic animals (Table 1.1). In the early 1990s, human 
Anaplasma and Ehrlichia infections were first reported, with most cases caused by A. 
phagocytophilum and E. chaffeensis, however, today A. ovis, A. capra, ‘Can. 
Neoehrlichia mikurensis’, E. canis, E. ewingii, E. muris, and E. ruminantium have all 
been demonstrated to have zoonotic potential and cause disease in humans (Table 1.1).  
 
Anaplasma marginale is probably the most widespread Anaplasmataceae pathogen, 
infecting cattle and other ruminants worldwide in tropical and subtropical regions, 
causing mild to severe anaemia due to lysis of infected erythrocytes, with clinical 
symptoms including fever, weakness, respiratory distress, depression, anorexia, and 
jaundice. Heartwater disease, caused by E. ruminantium infection in sub-Saharan Africa 
and the Caribbean is the most severe animal pathogen in this group and infects the 
endothelial cells of blood vessels and elsewhere in the body of ruminants. Infections are 
often acute or per-acute, with death sometimes following within a few hours from the 
onset of initial symptoms, which include fever, respiratory distress, and neurological 
degeneration. Pathological findings in cases of E. ruminantium infection are often severe 
and include vascular lesions resulting in fluid effusion into tissues, body cavities and 
organs, circulatory failure, and splenomegaly, among other related findings (Allsopp, 
2015). 
 
Although many species have been shown to be zoonotic and associated with human 
disease, A. phagocytophilum and E. chaffeensis remain the leading causes of human 
infection in this group. Anaplasma phagocytophilum infects human granulocytes, while 
E. chaffeensis infects monocytes, with both infections resulting in mild to severe febrile 
reactions including fever, headaches, myalgia, weakness, nausea, and a number of other 
non-specific symptoms. The symptoms are typically mild, however severe and fatal cases 
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have occurred for both infections. Typically, doxycycline administered during acute 
infection is sufficient to treat infections. 
 
‘Ca. Neoehrlichia mikurnesis’ is an emerging pathogen throughout the temperate 
Northern Hemisphere, with infection being mainly identified in immunocompromised 
patients (Silaghi et al. 2015). The predominant clinical symptoms of neoehrlichiosis are 
similar to those of ehrlichiosis and anaplasmosis, and include mild fever, headache, and 
malaise. However, reports suggest that infection can become more severe and lead to 
secondary complications in individuals with certain underlying medical conditions 
(Welinder-Olsson et al. 2010; Von Loewenich et al. 2010) 
 
 1.3.4 Molecular detection and systematics 
Because Anaplasma, Ehrlichia, and Neoehrlichia are obligate intracellular bacteria, 
molecular methods are commonly employed for their detection and identification. 
Although serological techniques are still commonly used to identify infections in the 
clinical setting, molecular techniques are being used increasingly as diagnostic and 
confirmatory tools. The 16S rRNA gene is the most powerful and commonly used genetic 
prokaryotic taxonomic marker, as it can accurately differentiate between most prokaryotic 
taxa. However, Rickettsiales have a high degree of inter-species 16S rRNA similarity 
(Merhej & Raoult, 2011), and therefore polygenetic analysis involving the 16S rRNA 
together with additional housekeeping genes is required to generate representative 
phylogenetic reconstructions. The additional housekeeping genes commonly used for 
Anaplasmataceae phylogenetic analysis are the groEL heat shock operon and the citrate 
synthase (gltA) genes, as they are conserved among all species, yet these have sufficient 
inter-species genetic variation to allow the differentiation of species and genotypes 
(Dumler et al., 2001; Inokuma et al., 2001). For phylogenetic analyses, which benefits 
greatly from long sequence lengths, PCR based techniques together with Sanger 
sequencing of purified PCR amplicons are still the most commonly used sequencing 
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1.4 BORRELIA 
1.4.1 Evolution and systematics 
Members of the bacterial genus Borrelia are Gram-negative, helical-shaped, aerophilic, 
motile Spirochetes and include the causative agents of tick-borne relapsing fever (RF), 
and Lyme borreliosis (LB); two human infections that have distinct clinical and 
epidemiological characteristics. The genus Borrelia is comprised of two monophyletic 
clades comprising separately the agents of LB and RF (Fig. 1.2), and it has been proposed 
to divide LB and RF clades into separate genera, with LB species (also referred to as B. 
burgdorferi s.l.) being reclassified into the proposed genus Borreliella, and RF species 
remaining in the genus Borrelia (Adeolu & Gupta, 2014). However, the validity of this 
proposal is currently under debate (Barbour et al., 2017; Margos et al., 2017), therefore 
for clarity, herein the conventional nomenclature is used, and Borrelia is referred to as 
one unified genus, with distinction made as the LB and RF Borrelia, respectively. 
 
The association between Borrelia and ticks is hypothesised to pre-date the divergence of 
Ixodidae and Argasidae and likely originated as a tick symbiont or commensal, similar to 
many extant arthropod-associated spirochaetes (Berlanga et al., 2011; Estrada-Peña et al., 
2018). Ixodidae and Argasidae ticks diverged from one another approximately 290 mya 
and it is hypothesised that RF-like species were present as the primitive Borrelia stock in 
ticks before this divergence, as extant RF species are today associated with both argasids 
and ixodid vectors (Estrada-Peña et al., 2018). The LB clade, however, is thought to have 
evolved from the primitive RF-like stock after the establishment of currently extant 
Ixodes genera (217 mya), but before the breakup of Gondwanan landmasses 235-249 mya 
(Mans et al., 2016), and subsequently become genetically isolated in Ixodes ticks 
(Estrada-Peña et al., 2018). 
 
Extant RF species are highly diverse and associated with both argasid and ixodid vectors, 
with one exception, B. recurrentis, that is transmitted by the human body louse 
(Pediculus humanus) (Cutler et al., 1997). Argasid-transmitted RF species have been well 
studied since the late 19th century (Sakharoff, 1891), and their systematics is relatively 
well characterised, although new emerging species are still being described (Cutler et al., 
2017). All argasid-transmitted RF species (and B. recurrentis) are monophyletic with 
respect to ixodid-transmitted RF species, and there is an unambiguous association 
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between each species and its argasid vector (Cutler et al., 2017; Estrada-Peña et al., 
2018). This evolutionary pattern is thought to indicate a single host-switching event of 
RF-like ancestral Borrelia into ancestral Argasidae, with their subsequent diversification 
driven predominantly by co-speciation with their tick vectors (Estrada-Peña et al., 2018). 
 
Ixodid-transmitted RF species however, diverged from the ancestral RF-like Borrelia 
lineage early after the LB-RF split and before the evolution of the argasid-transmitted RF 
clade. Extant ixodid-transmitted RF species, include B. miyamotoi, B. theileri, and B. 
lonestari, and are transmitted by a variety of ixodid genera including Ixodes, 
Amblyomma, and Rhipicephalus (Mans et al., 2016; Estrada-Peña et al., 2018). Despite 
being associated with ixodid vectors, these species share many genomic and phenotypic 
characteristics with RF species, although the clinical manifestations of B. miyamotoi in 
humans can be dissimilar to argasid-transmitted RF species. 
 
Recently, another group of RF-like Borrelia were described from reptile and echidna 
hosts and their ixodid ticks. These novel species include B. turcica from tortoise and 
turtle hosts and Amblyomma geoemydae and Hyalomma aegyptium ticks, ‘Can. Borrelia 
tachyglossi’ described from Bothriocroton concolor and I. holocyclus ticks from echidna 
(Tachyglossus aculeatus) hosts in Australia, and a variety of other putative species 
described from snake and lizard hosts and their associated ixodid ticks (Guner et al., 
2004; Takano et al., 2010; Loh et al., 2016; Panetta et al., 2017). These new species 
phylogenetically cluster within a separate evolutionary lineage that is monophyletic with 
RF Borrelia with respect to the LB clade but appears to have diverged from the ancestral 
RF lineage early after the LB-RF split, and prior to the emergence of extant ixodid and 
argasid-transmitted RF species (Fig. 1.2). Although the systematics of LB and RF 
Borrelia is well resolved, the inclusion of ixodid-transmitted RF species and these new 
reptile and echidna-associated species complicates the phylogeny of this genus by 
blurring the conventional biological and genetic dichotomy between the LB and RF 
clades. Although ixodid-transmitted RF species cluster on their own unique evolutionary 
lineage compared to argasid-transmitted RF species, they have long been considered 
‘true’ RF type species due to shared biological and genomic characteristics (Fukunaga et 
al., 1995; Barbour, 2014). Whether reptile and echidna-associated species should be 
considered under the umbrella of RF species or their own unique evolutionary lineages is 
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uncertain and will require further biological and genomic characterisation in both tick and 
vertebrate hosts. 
 
The LB Borrelia clade is comprised of over 17 species and genospecies, referred to 
broadly as the B. burgdorferi s.l. complex. Borrelia burgdorferi s.l. genospecies are 
exclusively transmitted by Ixodes ticks and most commonly by members of the I. ricinus 
species complex, a paraphyletic complex that includes I. ricinus (western Europe), I. 
persulcatus (Eurasia), I. scapularis (eastern North America), and I. pacificus (western 
North America) (Xu et al., 2003). However unlike RF species, many LB species can 
share the same vector and host species, with each LB species having a geographic 
distribution and hierarchy of preferred vertebrates and ticks. These highly shared 
networks of tick vectors and vertebrate hosts is thought to have driven the radiation of B. 
burgdorferi s.l. by selecting for niche specialisation that reduced inter-species 
competition in both tick and vertebrate environments (Estrada-Peña et al., 2018). 
 
1.4.2 Borrelia genomes 
Borrelia spp. have unique and complex genomes compared to most prokaryotes, which 
consists of a single linear chromosome and multiple linear and circular plasmids. The 
linear chromosome of Borrelia is ~ 1 Mb long, and is highly conserved and syntenic 
among all species and genospecies without any major structural inversions or 
rearrangements, except at the chromosome ends, where nonhomologous recombination at 
telomere junctions has led to sequence rearrangements and replacements (Huang et al., 
2004). Borrelia plasmids range in length from 5 kb to > 200 kb and can be highly 
variable in number, structure, and gene content between species and genospecies, which 
can contain up to 21 plasmids, collectively accounting for over a third of the total 
genomic material (Casjens et al., 2012; Miller et al., 2013). 
 
Lyme borreliosis-associated Borrelia and relapsing fever Borrelia have several genomic 
features that are unique and characteristic to each of these clades. Relapsing fever 
chromosomes have numerous additional horizontally acquired genes compared to LB 
species, including the purine salvage genes htp, purA, purB, and the glycerol metabolism 
genes glpT and glpQ, as well as orthologs of the conserved spirochete genes RecN, RecF 
and RecR involved in DNA replication and repair, which were lost in the LB lineage 
(Schwan et al., 1996; Schwan et al., 2003; Pettersson et al., 2007; Miller et al., 2013; 
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Barbour, 2014). Additionally, all LB genospecies have duplicated 5S rRNA and 23S 
rRNA genes (Fraser et al., 1997). Reptile-associated species such as B. turcica also 
contain the same horizontally acquired htp, purA, purB, and glpQ genes as RF species, 
but can also be differentiated from LB or RF species by the presence of the glvA and glvC 
genes within the 23S-16S intergenic spacer (Takano et al., 2010).  
 
Although the chromosome of all Borrelia spp. are highly conserved, the plasmid content 
of even closely related species and genospecies can vary significantly (Casjens et al., 
2000). The LB and RF groups share several structurally mosaic orthologous plasmids, 
such as cp32, cp26, and lp54-like plasmids, that were presumably present in some form 
prior to the LB-RF split, however, outside of these structurally orthologous plasmids 
there is relatively little gene conservation between LB and RF plasmids, except conserved 
plasmid partitioning genes, and several outer surface proteins such as OspC/vsp homologs 
(Casjens et al., 2018). Relapsing fever Borrelia also contain unique long linear plasmids 
(megaplasmids) that can be > 200 kb in length, that are thought to be vital for RF survival 
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FIGURE 1.2. Radial cladogram of Borrelia species with the major evolutionary lineages 
highlighted with Spirochaeta thermophilia as an out-group. Purple dot indicates the 
branch leading to argasid specialisation in the RF lineage; all other species are ixodid-
transmitted. * B. recurrentis is louse-transmitted. 
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 1.4.3 Life cycle and transmission 
Lyme borreliosis is transmitted by specific tick species that belong to the I. ricinus 
species complex, a paraphyletic group containing 14 species, which together have an 
almost worldwide distribution (except Australia and Antarctica). In Europe and Asia the 
main vector ticks of lyme borreliosis are I. ricinus and I. persulcatus, respectively, and 
the distribution of these two tick species overlaps in areas of Eastern Europe where both 
ticks are vectors. In North America two main vectors occur, I. scapularis in eastern North 
America and I. pacificus along the pacific coast of North America. All of these tick 
species thrive in rural and peri-urban environments, in which they frequently encounter 
and bite humans. 
 
Borrelia burgdorferi s.l. is acquired by ticks from feeding on infected bacteraemic 
reservoir species, which can include small mammals such as mice, voles and squirrels. 
While larger mammals such as the white-tailed deer (Odocoileus virginianus) and other 
cervids are often associated with B. burgdorferi s.l., they do not actually act as reservoirs 
of the pathogen, but rather are essential for the maintenance of tick populations, as they 
can sustain large numbers of ticks throughout their life. As for most tick-borne zoonoses, 
the prevalence of reservoir species and other wildlife such as cervids, that can support 
large tick populations, are a major risk factor for B. burgdorferi s.l. exposure. Because LB 
endemic areas are temperate in climate, the occurrence of LB is highly seasonal, with 
almost all infections occurring in the spring and summer seasons, which is when both 
ticks and reservoir wildlife are sufficiently active to promote pathogen circulation. 
 
After entering a tick with the host blood during feeding, B. burgdorferi s.l. invades the 
ticks’ midgut epithelium, where is initially becomes quiescence during moulting and until 
the next feeding event. During the ticks’ next feeding event, dormant B. burgdorferi s.l. 
begins to replicate and detaches from the midgut and disseminates throughout the tick via 
the haemolymph (Pal et al., 2000; Tilly et al., 2013). Eventually during the feeding event, 
B. burgdorferi s.l. colonises the ticks’ salivary glands, from where it is transmitted via the 
saliva into the ticks’ host (Narasimhan et al., 2007). 
 
The migration of B. burgdorferi s.l. from ticks’ midgut to salivary glands typically takes 
upwards of 16 hours, leading to a significant delay between the start of feeding and 
transmission of the bacteria into a vertebrate host. However, while there is strong 
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evidence that the risk of B. burgdorferi s.l. transmission increases with longer tick 
attachment times, there are many factors that influence the rate of transmission, making it 
difficult to definitively determine the specific ‘infective window’ during tick feeding 
(Cook, 2015). Although B. burgdorferi s.l. preferentially colonizes the tick midgut, 
systemic infections that include infection of salivary glands in ticks are not uncommon, 
and can occur in up to 36% of naturally infected I. ricinus ticks (Leuba-Garcia et al., 
1994). Spirochaetes residing in the salivary glands and haemolymph prior to the onset of 
tick feeding have a significantly lower infectious dose than those residing in the midgut, 
and are also transmitted more rapidly following tick attachment to a host (Lima et al., 
2005). Transovarial transmission has only been occasionally documented for some LB 
spp., however, this is thought only to be an incidental occurrence (Schwan & Piesman, 
2002; van Duijvendijk et al., 2016). 
 
Relapsing fever Borrelia spp. have similar life cycles to LB species, circulating in 
infectious cycles between vertebrate and tick hosts. However, they have different 
biological characteristics both within vertebrate (discussed below) and tick hosts. After 
being acquired by an argasid or ixodid tick (depending on the RF species), RF species 
invade the tick midgut epithelium and within 10-14 days begin to exit the midgut and 
disseminate throughout the body to colonise the salivary glands (Schwan & Piesman,  
2002; Lopez et al., 2016). This RF Borrelia migration from the midgut to the salivary 
glands occurs well before the commencement of additional feeding events, allowing the 
bacteria to be transmitted rapidly (within a second) at the onset of tick blood-feeding. 
This rapid transmission a key characteristic of RF species, and is thought to be a pre-
adaptation to argasid-transmission, as the characteristic is also present in ixodid-
transmitted species (Schwan & Piesman, 2002; Estrada-Peña et al., 2018). Additionally, 
transovarial transmission of RF spp. from female ticks to their offspring does occur 
regularly, but not always, and is an important maintenance mechanism for the bacteria in 
tick populations (van Duijvendijk et al., 2016). 
 
1.4.4 Disease in humans 
Lyme borreliosis is the most common tick-borne disease in Europe, central and eastern 
Asia, and North America, and has an incidence of approximately 85,000 cases annually in 
Europe and up to 300,000 cases annually in North America (Lindgren, 2006). Borrelia 
burgdorferi s.s is the primary cause of LB in North America and B. afzelii and B. garinii 
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are the primary species causing disease throughout Europe and Asia, however in both 
North American and Eurasia, multiple pathogenic genospecies circulate in different 
geographic areas. 
 
Lyme borreliosis manifests acutely after a tick bite and after initial infection, LB Borrelia 
bacteria infect dermal tissues surrounding the bite site, and slowly disseminates 
throughout the surrounding tissue causing a characteristic erythema migrans rash that 
occurs in most, but not all patients. Following the initial stages of infection, LB Borrelia 
disseminate via the blood stream, however, they do not proliferate well in blood, and 
preferentially sequester in tissues such as joints, muscle, heart, nervous tissue and other 
dermal sites where additional rashes may occur. Early localised or disseminated 
infections result in a variety of non-specific symptoms akin to severe flu-like symptoms 
including but not limited to secondary skin lesions and rashes, myalgia, arthralgia, 
neurological impairments, meningitis, fatigue, and cardiac abnormalities (Tilly et al., 
2008). Different LB genospecies result in varied clinical manifestation of LB, such as B. 
afzelii that has additional neurological manifestations and B. garinii, which results in 
more severe myalgia and arthralgia. Infections in the early-to-mid stages can usually be 
successfully treated with antibiotic therapy; however, late disseminated infections are 
extremely difficult to treat and may develop into a severe chronic condition with 
potentially disabling symptoms (Ryffel et al., 1999). 
 
Relapsing fever Borrelia are found throughout most of the world including the Americas, 
Africa, central Asia, and Mediterranean Europe. In contrast to B. burgdorferi s.l., RF 
Borrelia species disseminate quickly throughout the host’s blood stream after the initial 
tick-bite, resulting in a high levels of spirochetaemia that can exceed 106 spirochetes per 
millilitre of blood (Stoenner et al., 1982). Relapsing fever infections are characterised by 
recurring episodes of fever and non-specific flu-like symptoms, including high fever, 
chills, headache, myalgia, arthralgia, and in some severe cases minor haemorrhaging, 
splenomegaly, vomiting, and diarrhoea (Barbour, 2005). Typically symptoms from the 
primary febrile episode dissipate within 3-4 days, and a shorter, milder secondary febrile 
stage develops 7 days after the cessation of the primary episode (Barbour, 2005). 
Thereafter there can be numerous relapsing febrile periods 4-7 days apart with decreasing 
severity (Barbour, 2005). The recurring nature of RF infections is due to the ability of the 
bacteria to vary serotype-specific outer surface proteins called variable small proteins 
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(vsp) and variable large proteins (vlp), that are sequentially expressed in order to evade 
eradication by host immunological responses (Dworkin et al., 2008). Diagnosis is 
typically achieved through microscopic observation of spirochetes in peripheral blood 
smears during a febrile period, and treatment with tetracycline is usually effective 
(Barbour, 2005). Ixodid-transmitted RF infection may have dissimilar clinical signs 
compared to argasid-transmitted RF species, which can include non-specific febrile 
symptoms, skin rashes, and neurological manifestations similar to Lyme neuroborreliosis 
(Molloy et al., 2015). Members of the reptile and echidna-associated Borrelia clade are 
yet to be linked to any disease in humans or animals. 
 
1.5 AUSTRALIAN TICKS & TICK-BORNE DISEASE 
 1.5.1 Ticks of Australia 
Continental Australia has been geographically isolated from other continents for ~ 40 
million years, which has led to the evolution of a diverse and unique endemic vertebrate 
and tick fauna. Australia is home to 71 tick species, of which 66 species are native and 
endemic and 5 species (Rh. sanguineus, Rh. australis (microplus), H. longicornis, Ar. 
persicus, and Otobius megnini) that were introduced from other parts of the world after 
European colonisation. Although diverse in terms of species richness, Australian native 
ixodids represent a subset of genera found worldwide, with species belonging to the 
genera Amblyomma, Bothriocroton (formerly Aponomma), Haemaphysalis, and Ixodes 
present in Australia, and the genera Rhipicephalus, Dermacentor and Hyalomma notably 
missing from the continent (except for the introduced Rhipicephalus). 
 
Due to their long isolation and coevolution with native vertebrates, many Australian ticks 
have highly specific host preferences, such as I. ornithorhynchi, that only parasitises the 
platypus (Ornithorhynchus anatinus), Bo. concolor which only parasites echidnas 
(Tachyglossus aculeatus), and I. woyliei, which is found only on endangered Western 
Australian woylies (brush-tailed bettongs) (Bettongia penicillata). However, there are a 
number of native ticks with more generalist feeding habits that will readily bite domestic 
and companion animals and humans. Fourteen native ixodids species have been recorded 
biting humans in Australia (Barker & Walker, 2014), however just two species are 
responsible for the vast majority of human tick bites in Australia, the eastern paralysis 
tick (I. holocyclus), and the ornate kangaroo tick (Amblyomma triguttatum subsp.) 
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Ixodes holocyclus is the most important Australian tick from both a medical and 
veterinary perspective. Its enzootic range extends throughout moist coastal areas of 
Queensland (QLD) and New South Wales (NSW), including some of Australia’s most 
populated areas such as Sydney and southeast QLD and it thrives in suburban and peri-
urban settings, where they frequently encounter and bite people and companion animals 
(Barker & Walker, 2014). Ixodes holocyclus envenomates its hosts causing life 
threatening ascending paralysis in smaller companion animals, such as dogs and cats, and 
weakness, paralysis, and dermatological reactions in humans and larger domestic animals 
such as cattle. Interestingly, low dose exposure to holocyclotoxin (I. holocyclus venom) 
induces protective immunity, as is the case in its native hosts (which also have other 
forms of innate immunity), and also in domestic animals receiving repeated exposure to 
the toxin.  
 
Amblyomma triguttatum consists of four subspecies, Am. triguttatum triguttatum, Am. t. 
queenslandense, Am. t. ornatissimum, and Am. t. rosei, with Am. t. triguttatum the most 
widely distributed of the subspecies, occurring throughout coastal and inland eastern 
Australia, and south western Western Australia (WA). Amblyomma t. queenslandense is 
restricted to tropical north QLD, Am. t. ornatissimum is found in tropical Australia from 
QLD to northern WA, and Am. t. rosei is confined to arid regions of central Australia 
(Roberts, 1970). The normal hosts of Am. triguttatum subsp. ticks are larger macropod 
species such as the red kangaroo (Macropus rufus), wallaroo (M. robustus) and eastern 
and western grey kangaroos (M. giganteus and M. fuliginosus, respectively), however 
they also parasitise a range of domestic animals (cattle, sheep, horses, and dogs) and 
humans (Roberts, 1970; Barker & Walker, 2014). In south western WA Am. t. triguttatum 
is responsible for almost all cases of human tick bite (Roberts, 1970; Barker & Walker, 
2014). 
 
 1.5.2 Native Australian tick-borne bacterial pathogens 
In Australia at the current time, only two native tick-borne bacterial pathogens are known 
to cause disease in humans, R. australis, the cause of Queensland tick typhus and R. 
honei, the cause of Flinders Island spotted fever (Graves & Stenos, 2017). Rickettsia 
australis was first described in 1946 from patients from north QLD but is now known to 
be distributed throughout much of coastal eastern Australia, from north QLD through to 
CHAPTER 1 | PAGE 24  
south eastern Victoria (Andrew et al., 1946; Campbell & Domrow, 1974). Ixodes 
holocyclus and I. tasmani ticks are the primary vectors of R. australis, which can be 
highly prevalent in tick populations, with the pathogen being detected in up to 15.4% of 
questing I. holocyclus in north eastern NSW (Graves et al., 2016). Rickettsia australis-
infection is common in its enzootic range, with symptoms often including mild to severe 
fever, eschar at the site of tick bite, and rash, which typically resolves quickly following 
antimicrobial therapy with doxycycline (William et al., 2007). While R. australis 
infection is not usually severe, extreme cases and fatalities have occurred, as have 
atypical symptoms and reactions (Sexton et al., 1990; Wilson et al., 2013). 
 
Flinders Island spotted fever is caused by a related pathogen R. honei, which results in a 
mild febrile condition, amd like R. australis responds well to doxycycline therapy 
(Stewart, 1991; Graves et al., 1993). Rickettsia honei has been found only around specific 
endemic foci in Flinders Island north of Tasmania, South Australia, and WA, where it is 
vectored by the southern reptile tick Bo. hydrosauri (Stenos et al., 2003; Unsworth et al., 
2005). A related subtype, R. honei subsp. marmionii, which causes a similar reaction is 
found in eastern and northern Australia, where it is vectored by I. tasmani and potentially 
H. novaeguineae (Lane et al., 2005; Unsworth et al., 2007; Graves & Stenos, 2017).  
 
Coxiella burnetii is the causative agent of Q fever and is typically spread to humans via 
the inhalation of contaminated aerosols, or direct contact with the bodily fluids of 
infected domestic animals such as cattle, sheep and goats. However, C. burnetii has also 
been detected in both I. holocyclus and A. triguttatum ticks (Pope et al., 1960; Cooper et 
al., 2013; Graves et al., 2016), with one documented case of Q fever infection following a 
bite from an Am. triguttatum subsp. tick (Beaman & Hung, 1989). Ticks are considered 
an incidental mechanical vector of this pathogen. Francisella tularensis is an 
environmentally hardy tick-borne pathogen, that has only been detected only once in 
Australia, in a human in which infection occurred via the bite of a ringtail possum 
(Pseudocheirus peregrinus) in Tasmania (Jackson et al., 2012).  
 
Only one putative Borrelia species, B. queenslandica, had previously been identified in 
Australia by the microscopic examination of blood smears from native long-haired rats 
(Rattus villosissimus) in north-western QLD (Carley & Pope, 1962). This organism was 
subsequently isolated and transiently infected mice following injection, where it was 
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noted to cause a mild relapsing fever-like infection due to the high levels of 
spirochetaemia. Subsequent attempts to infect a human volunteer were successful but as 
molecular techniques were not available at the time, no further characterisation was 
carried out (Carley & Pope, 1962). Unfortunately, all B. queenslandica isolates from that 
study were subsequently lost or destroyed and this bacterium has never been encountered 
again. 
 
 1.5.3 Introduced tick-borne bacterial pathogens 
Since the arrival of European colonists in Australia several bacterial tick-borne 
pathogens, including A. marginale, A. centrale, A. platys, B. theileri, and B. anserina 
have been introduced to the continent through the importation of domestic animals and 
their ticks. Anaplasma marginale, A. centrale, and B. theileri are pathogens of domestic 
livestock, mainly cattle, sheep and goats and are vectored in Australia exclusively by Rh. 
australis (microplus). Anaplasma platys was introduced via infected domestic dogs and 
Rh. sanguineus ticks and is now widespread through tropical and subtropical regions. 
Borrelia anserina is the cause of avian borreliosis and affects poultry in Victoria and the 
Northern Territory, where it is vectored by Ar. persicus. Importantly, in Australia there 
are no reports of these introduced animal pathogens outside of their introduced domestic 
animal hosts or being vectored by native Australian ticks.  
 
1.5.4 Initial molecular discovery of novel tick-borne bacteria from native 
Australian ticks 
Recently, advances in DNA sequencing technologies, particularly next-generation 
sequencing, have allowed the massive parallelisation of sequencing reactions, making 
molecular characterisation of complex biological communities increasing feasible, 
accurate, and cost effective. In 2015, these technologies were used to investigate the 
bacterial communities (or microbiome) of the native Australian human-biting ticks I. 
holocyclus and Am. triguttatum subsp. (Gofton et al., 2015; Gofton et al., 2015b). These 
studies used a bacterial metabarcoding technique that targets a short region (~300 bp) of 
the bacterial 16S rRNA gene (a taxonomically informative marker gene for bacterial 
identification) and attempted to sequence that gene region from all bacterial taxa present 
in the sample. 
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Importantly, these studies uncovered for the first time, novel 16S rRNA sequences, which 
shared very high homology to sequences from Anaplasma, Ehrlichia, Neoehrlichia and 
Borrelia species described in other parts of the world. In these studies, analysis of 475 I. 
holocyclus ticks from almost its entire enzootic range revealed that approximately 13% 
contained Neoehrlichia DNA, which phylogenetically resolved into two putative species 
(Gofton et al., 2015; Gofton et al., 2015b). Additionally, 1.8% (3/167) of the Am. 
triguttatum subsp. investigated contained novel Anaplasma sequences with close 
homology to A. bovis and A. phagocytophilum, and 1.8% (3/167) of Am. triguttatum 
subsp. and 0.6% (1/167) I. holocyclus ticks contained novel Ehrlichia sequences which 
were closely related to E. ruminantium (Gofton et al., 2015). 
 
Additionally, novel relapsing fever-like Borrelia sequences were detected in a single I. 
holocyclus removed from an echidna (Tachyglossus aculeatus) (Gofton et al., 2015b). 
Further analysis of this sample and an additional cohort of Bo. concolor ticks from 
echidnas, using nested PCR and Sanger sequencing of two Borrelia marker genes (flaB 
and 16S), confirmed the presence of this novel Borrelia sp. in the I. holocyclus sample 
and identified the same novel Borrelia sp. in 41% (38/97) of Bo. concolor ticks (Loh et 
al., 2016). Additional phylogenetic analysis based on 16S, flaB, groEL, gyrB, and glpQ 
gene sequences showed with high confidence that this novel Borrelia sp. formed a unique 
monophyletic clade within the genus Borrelia that was most similar to, but distinct from 
relapsing fever and reptile-associated Borrelia spp., such as B. turcica, and was most 
divergent from LB-causing Borrelia burgdorferi s.l. species, and the species designation 
‘Can. Borrelia tachyglossi’ was given (Loh et al., 2017). Despite the close relationships 
between these novel species and known tick-borne zoonoses overseas, the ability of these 
novel organisms to cause disease in humans and animals in Australia is still unknown. 
 
1.6 AIMS & SCOPE 
The initial 2015 discovery of novel Anaplasma, Ehrlichia, Neoehrlichia, and Borrelia 
organisms in native Australian ticks challenged the long-held assumption that the 
continent was free from these genera (with the exception of introduced species) and has 
contributed to a renewed interest in native Australian ticks and the potentially pathogenic 
bacteria they may transmit to people and animals (Chalada et al., 2016; Graves & Stenos, 
2017). The identification of these novel Australian organisms has raised a plethora of 
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questions and new research priorities, such as; determining their taxonomic relationships 
to described pathogenic and non-pathogenic organisms; identifying their tick vectors and 
reservoir hosts; assessing their potential health impacts on wildlife, domestic animals and 
people, and developing reliable diagnostic and detection tools. The initial detection of 
native Anaplasma, Ehrlichia, Neoehrlichia, and Borrelia spp. in Australian ticks utilised 
next-generation sequencing technology which, while unsurpassed in its sensitivity to 
detect low-abundant and novel genetic variants, is both costly, and also produces only 
short DNA sequences, which limits the resolution at which we can taxonomically 
designate organisms; and only genus level taxonomy was achieved (Gofton et al., 2015; 
Gofton et al., 2015b). 
 
Here, the previous research work described above is extended by the development and 
optimization of a range of sensitive qPCR and PCR techniques that can be used for the 
molecular detection of these organisms in ticks, blood, and tissue, as well as the 
production of long, phylogenetically informative sequence data to more accurately 
resolve the taxonomy of these new organisms. Furthermore, whole genome sequencing of 
the novel ‘Can. Borrelia tachyglossi’ is described.    
 
While it will ultimately take a concerted scientific effort in future years to fully 
understand the biology, ecology, and pathogenicity of these new Australian organisms, 
this thesis begins that journey, by investigating the systematics, taxonomy, and genomics 
of these novel organisms, as well as uncovering aspects of their vector-tick associations, 
geographic distributions, potential vertebrate reservoirs and the development of reliable 
molecular detection techniques.  
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2.1 ABSTRACT 
Recently, two novel Anaplasmataceae species were detected by 16S rRNA gene profiling 
in the Australian paralysis tick, Ixodes holocyclus, and analysis of these sequences 
suggested that these organisms are closely related to the genus Neoehrlichia. In this 
study, phylogenetic analysis of 16S rRNA (1,264 bp), groEL (1,047 bp), and gltA (561 
bp) gene sequences, and concatenated (2,872 bp) sequences, all concur that these novel 
Anaplasmataceae species are most closely related to, but distinct from the only other 
recognised members of this genus ‘Candidatus Neoehrlichia mikurensis’ and 
Neoehrlichia lotoris. Based on the unique molecular signature of the novel Australian 
species, we propose to designate these species ‘Candidatus. Neoehrlichia australis’ 
(reference strain HT41R) and ‘Candidatus Neoehrlichia arcana’ (reference strain HT94R). 
Identical ‘Candidatus Neoehrlichia australis’ 16S rRNA, groEL, and gltA sequences were 
detected in 34/391 (8.7%) individual I. holocyclus ticks, and sequences were most similar 
to N. lotoris (96.2%, 83.1%, and 67.2%, respectively) and ‘Candidatus Neoehrlichia 
mikurensis’ (96.2%, 84%, and 68.4% respectively). Likewise, identical ‘Candidatus 
Neoehrlichia arcana’ 16S rRNA, groEL, and gltA sequences were detected in 12/391 
(3.1%) I. holocyclus ticks, and sequences were most similar to N. lotoris (98.5%, 88.7%, 
and 79.3%, respectively) and ‘Candidatus Neoehrlichia mikurensis’ (96.3%, 84%, and 
67.4% respectively). These new species are the first Anaplasmataceae species (except 
Wolbachia spp.) to be found to be endemic to Australia. The pathogenic consequences (if 
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2.2 INTRODUCTION 
Members of the family Anaplasmataceae are obligate intracellular alphaproteobacteria 
that can have parasitic or symbiotic relationships with their eukaryotic hosts. The 
Anaplasmataceae currently consists of five established genera; Aegyptianella, 
Anaplasma, Ehrlichia, Neorickettsia, and Wolbachia (Dumler et al., 2001), as well as two 
recently described genera Xenohaliotis (Friedman et al., 2000), and Neoehrlichia 
(Kawahara et al., 2004; Yabsley et al., 2008). All species within the genera Anaplasma, 
Ehrlichia, and Neoehrlichia are tick-borne zoonotic pathogens of mammals, and include 
numerous animal pathogens and several emerging pathogens of humans including 
Anaplasma phagocytophilum and ‘Candidatus (Can.) Neoehrlichia mikurensis’ (Dumler 
& Bakken, 1995; Silaghi et al., 2015). 
 
Neoehrlichia is a sister genus to Anaplasma and Ehrlichia, and currently contains two 
species, ‘Can. Neoehrlichia mikurensis’ and N. lotoris (Kawahara et al., 2004; Yabsley et 
al., 2008). As members of these genera are notoriously difficult to culture, these novel 
species were detected and differentiated based on the sequences of the conserved 16S 
rRNA (16S), citrate synthase (gltA), and groEL genes (Kawahara et al., 2004; Yabsley et 
al., 2008). Ultrastructural analysis of these species infecting host cells in vivo and in vitro 
was also consistent with other Anaplasmataceae species (Kawahara et al., 2004; 
Munderloh et al., 2007). 
 
‘Candidatus Neoehrlichia mikurensis’ in an emerging tick-borne zoonosis in Africa, 
Asia, and Europe, and has a variety of non-specific clinical manifestations in humans 
including fever, headache, and myalgia (Von Loewenich et al., 2010; Li et al., 2012; 
Kamani et al., 2013). Rodents (Rattus norvegicus, Myodes spp., and Apodemus spp.) and 
other small mammals such as hedgehogs (Erinaceidae roumanicus) are the predominant 
natural hosts of ‘Can. Neoehrlichia mikurensis’, and the bacterium has also been 
identified in numerous tick species, with Ixodes ricinus, I. persulcatus, and I. ovatus 
being the main vectors in Europe and Asia (Silaghi et al., 2015). 
 
Conversely, N. lotoris is found only in the North American racoon (Procyon lotor), and 
its associated tick species (Dugan et al., 2005; Munderloh et al., 2007; Yabsley et al., 
2008b). It has not been detected in humans or any other vertebrate species in the wild, 
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and laboratory rodents and rabbits are refractory to infection (Yabsley et al., 2008b). 
Neoehrlichia lotoris has been successfully cultured in the I. scapularis ISE6 cell line 
(Munderloh et al., 2007), and although not empirically determined, several Ixodes tick 
species endemic to the southwest USA, including I. scapularis, are suspected vectors 
(Munderloh et al., 2007; Yabsley et al., 2008). 
 
Recently, 16S sequences similar to those from Neoehrlichia species were detected in the 
Australian paralysis tick, I. holocyclus (Gofton et al., 2015; Gofton et al., 2015b). 
Analysis of 1.2 kb partial 16S gene sequences suggested that I. holocyclus harbours two 
distinctive putative species that are closely related to, but distinct from ‘Can. 
Neoehrlichia mikurensis’ and N. lotoris (Gofton et al., 2015). These organisms were 
previously tentatively designated ‘Can. Neoehrlichia sp. nov. A’ and ‘Can. Neoehrlichia 
sp. nov. B’, and were present in 9% and 4% of the I. holocyclus ticks studied, respectively 
(Gofton et al., 2015). To date, the potential vertebrate hosts and potential pathogenic 
significance of these organisms to wildlife and humans has not been investigated. In the 
current study we analysed 16S, groEL, and gltA partial gene sequences from putative 
‘Can. Neoehrlichia sp. nov. A’ and ‘Can. Neoehrlichia sp. nov. B’ and propose to 
designate these species ‘Can. Neoehrlichia australis’ and ‘Can. Neoehrlichia arcana’, 
respectively. 
 
2.3 MATERIALS & METHODS 
2.3.1 Ethics statement 
This research complies with the Australian Code for the Responsible Conduct of 
Research, 2007, and the Australian Code for the Care and Use of Animals for Scientific 
Purposes, 2013. The Murdoch University Animal and Human Ethics Committees 
approved removal of ticks from animals and humans. Ticks were removed 
opportunistically from animals by veterinarians or the animal’s owner, and ticks were 
removed from humans by a medical professional during outpatient treatment or by the 
person themselves. 
2.3.2 Tick collection 
A total of 391 I. holocyclus (218 female, 107 male, and 66 nymph) ticks were collected 
from human (n=266) and animal (n=33) hosts, and the environment (n=92) from coastal 
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areas of New South Wales and Queensland, Australia. Questing ticks were collected from 
the environment by flagging vegetation and leaf litter. Ticks were placed in 70% ethanol 
immediately after removal from hosts or collection from the environment and stored at 
4°C until molecular analysis. Ticks were morphologically identified into species, life 
stage, and sex using standard keys (Roberts, 1970; Barker & Walker, 2014). 
 
2.3.3 DNA isolation, PCR, and sequencing 
Total genomic DNA was extracted from individual ticks using the DNeasy Blood and 
Tissue Kit (QIAGEN, Germany) following the manufacturer’s recommendations. Before 
DNA extraction, the external surface of the ticks was decontaminated in 10% 
hypochlorite solution, washed in 70% ethanol, rinsed in PBS, and then air-dried. DNA 
samples from all ticks were tested for Neoehrlichia species using a highly sensitive 
Neoehrlichia-specific qPCR assay as previously described (Maurer et al., 2013). Partial 
Neoehrlichia 16S (1,264 bp), groEL (1,047 bp), and gltA (561 bp) gene sequences were 
amplified by nested PCR from positive tick DNA samples using the primary primers 
EC9/EC12, HS1/HS6a, and F4b/R1b, respectively, and the nested primers A17a/IS58-
1345r, groELfwd3/groELrev2, and EHR-CS136F/EHR-CS778R, respectively (Anderson 
et al., 1991; Paddock et al., 1997; Liz et al., 2000; Inokuma et al., 2001; Kawahara et al., 
2004) (Tables 2.1-2.2). Amplification of 16S, groEL, and gltA partial gene sequences was 
performed in 25 μl reactions containing 1x PCR buffer (5 Prime, Germany), 2.5 mM 
MgCl2, 1 mM dNTPs, 0.01 mg BSA (Fisher Biotech, Australia), 400 nM of each primer, 
and 1.25 U Perfect Taq Polymerase (5 Primer, Germany). Primary PCRs contained 2-5 μl 
of DNA from tick samples, and nested PCRs contained 1 μl of the primary product as a 
template. PCR primer sequences and conditions are available in Tables 2.1-2.2.  
‘Candidatus Neoehrlichia mikurensis’ DNA isolated from a German I. ricinus tick and 
designated isolate LN5 was used as a positive control in all PCRs; resulting positive 
control PCR products were sequenced and included in all phylogenetic analyses. PCR 
products were electrophoresed through as 1-2% agarose gel stained with GelRed 
(Biotium, USA), excised from the gel, and purified with the QIAquick gel extraction kit 
(QIAGEN, Germany) following the manufacturer’s recommendations. Purified PCR 
products were sequenced with both nested PCR primers on an ABI 3730 96 Capillary 
Sequencer using Big dye v3.1 terminators (Life Technologies, USA). 
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TABLE 2.1. Primers used for PCR and sequencing of Neoehrlichia gene sequences from 





Primer sequences (5’ -3’) Reference 
Neoehrlichia-specific qPCR 
Ana-for N/A ATCCTGGCTCAGAACGAACG (Maurer et al., 2013) 
Neo-rev N/A TGATCGTCCTCTCAGACCAGC (Maurer et al., 2013) 
Neo-genus N/A 6FAM/CTAGTAGTATGGAATAGCTGT+T+A+G+A/3BHQ (Maurer et al., 2013) 
16S rRNA gene 
EC9 Primary TACCTTGTTACGACTT (Anderson et al., 1991) 
EC12A Primary TGATCCTGGCTCAGAACGAACG (Paddock et al., 1997) 
A17a Nested GCGGCAAGCCTCCCACAT (Kawahara et al., 2004) 
IS58-1345r Nested CACCAGCTTCGAGTTAAACC (Kawahara et al., 2004) 
groEL operon 
HS1a Primary AITGGGCTGGTAITGAAAT (Liz et al., 2000) 
HS6a Primary CCICCIGGIACIAIACCTTC (Liz et al., 2000) 
groEL_fwd3 Nested TGGCAAATGTAGTTGTAACAGG This study 
groEL_rev2 Nested GCCGACTTTTAGTACAGCAA This study 
gltA gene 
F4b Primary CCAGGCTTTATGTCAACTGC (Inokuma et al., 2001) 
R1b Primary CGATGACCAAAACCCAT (Inokuma et al., 2001) 
EHR-CS136F Nested TTYATGTCYACTGCTGCKTG (Inokuma et al., 2001) 
EHR-CS778R Nested GCNCCMCCATGMGCTGG (Inokuma et al., 2001) 
+ Indicates locked nucleic acid bases; 6FAM indicates 6-carboxyfluorescein; 3BHQ 
indicates Black Hole Quencher®-3 molecule 
 
 
TABLE 2.2. PCR thermal cycling conditions from PCR amplification of 16S rRNA, 
groEL, and gltA gene sequences. 
PCR Primers Expected size Thermal cycling conditions 
1.a. 16S primary EC9/EC12A 1.3 kb 1. 95°C 5 min 
2. 95°C 40 sec 
3. 48°C 1 min 
4. 72°C 90 sec 
5. Steps 2- 4 x 40 
6. 72°C 5 min 
1.b. 16S nested A17a/IS58-1345r 1.2 kb 1. 95°C 5 min 
2. 95°C 40 sec 
3. 54°C 1 min 
4. 72°C 90 sec 
5. Steps 2- 4 x 34 
6. 72°C 5 min 
2.a. groEL primary HS1a/HS6a 1.2 kb 1. 95°C 5 min 
2. 95°C 1 min 
3. 48°C 2 min 
4. 68°C 90 sec 
5. Steps 2- 4 x 40 
6. 72°C 5 min 
2.b. groEL nested groEL_fwd3/ groEL_rev2 1.1 kb 1. 95°C 5 min 
2. 95°C 30 sec 
3. 50°C 30 sec 
4. 72°C 90 sec 
5. Steps 2- 4 x 34 
6. 72°C 5 min 
3.a. gltA primary F4b/R1b 800 bp 1. 95°C 5 min 
2. 95°C 30 sec 
3. 55°C 30 sec 
4. 72°C 1 min 
5. Steps 2- 4 x 40 
6. 72°C 5 min 
3.b. gltA Nested EHR-CS136F/ EHR-CS778R 650 bp 1. 95°C 5 min 
2. 95°C 30 sec 
3. 55°C 30 sec 
4. 72°C 1 min 
5. Steps 2- 4 x 34 
6. 72°C 5 min 
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2.3.4 Phylogenetic analysis  
Resulting 16S, groEL, and gltA DNA sequences were aligned with sequences from 
related Anaplasmataceae retrieved from GenBank (accession numbers are presented in 
Figs. 2.1-2.3 and Tables S2.3-2.6). Sequences were aligned with MAFFT (Katoh et al., 
2002) and alignments were refined with MUSCLE (Edgar, 2004). The most suitable 
nucleotide substitution model was assessed in MEGA6 (Tamura et al., 2013) and 
Bayesian phylogenetic reconstructions were produced from individual gapped gene 
alignments and gapped concatenated sequence alignments using MrBayes (Ronquist & 
Huelsenbeck, 2003) with the HK85 substitution model, five gamma categories, a MCMC 
length of 1,100,000, burn-in length of 100,00, and subsampling ever 200 iterations. 
 
2.4 RESULTS & DISCUSSION 
2.4.1 Phylogenetic characterisation 
The genus-specific qPCR detected Neoehrlichia spp. in 44 (11.25%) I. holocyclus ticks 
including 31 females, 7 males, and 6 nymphs. Partial 16S (1,264 bp), groEL (1,047 bp), 
and gltA (561 bp) sequences were successfully amplified and sequenced from all 44 
positive tick DNA samples. 16S sequences from 34 and 12 samples, respectively, were 
identical to 16S sequences previously putatively designated ‘Can. Neoehrlichia sp. nov. 
A’ (GenBank: KT803957) and ‘Can. Neoehrlichia sp. nov. B’ (GenBank: KT803958) 
isolated from I. holocyclus ticks (Gofton et al., 2015). For clarity, we herein refer to these 
species by their proposed names, ‘Can. Neoehrlichia australis’ and ‘Can. Neoehrlichia 
arcana’, respectively. All 16S, groEL, and gltA sequences from positive I. holocyclus 
samples, and from ‘Can. Neoehrlichia mikurensis’ isolate LN5, were deposited on 
GenBank under accessions KU865343-KU865477. 
 
‘Candidatus Neoehrlichia australis’ 16S, groEL, and gltA sequences were identical 
among all 34 isolates, and were most similar to N. lotoris (96.2%, 83.1%, and 67.2%, 
respectively) and ‘Can. Neoehrlichia mikurensis’ (95.8-96.2% 83.8-84%, and 68.4%, 
respectively). Likewise ‘Can. Neoehrlichia arcana’ 16S, groEL, and gltA sequences were 
identical among all 12 isolates, and were most similar to N. lotoris (98.5%, 88.7%, and 
79.3%, respectively) and ‘Can. Neoehrlichia mikurensis’ (97.5-98%, 89.2-90.4%, and 
79.3%, respectively). ‘Can. Neoehrlichia australis’ and ‘Can. Neoehrlichia arcana’ 16S, 
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groEL, and gltA sequences shared 96.3%, 84%, and 67.4% similarity, respectively. Full 
genetic distance matrices are available in Tables S2.3-2.6. 
 
The highest 16S and groEL sequence similarity between ‘Can. Neoehrlichia australis’ 
and ‘Can. Neoehrlichia arcana’ and any Anaplasma spp. (16S: 92.6% and 93%; groEL: 
70.5% and 70.7%, respectively) and Ehrlichia spp. (16S: 94.5% and 95.1%; groEL: 
81.4% and 81.3%, respectively), was less than the minimum level of similarity within the 
genera Anaplasma (16S: 95.7%; groEL: 92.7%) and Ehrlichia (16S: 97.1%; groEL: 
87.6%). At the gltA loci, genetic similarities of ‘Can. Neoehrlichia australis’ and ‘Can. 
Neoehrlichia arcana’ to A. phagocytophilum (both 59.5%) were higher than the minimum 
genetic similarities within the Anaplasma genus (55.2%) for this locus. However, the 
maximum similarities of these species to Ehrlichia species (66.5% and 67%, respectively) 
were below the minimum level of genetic divergence within members of the Ehrlichia 
genus (75.2%).  
 
Bayesian phylogenetic reconstructions were performed on 16S, groEL, and gltA gene 
sequences individually, and on concatenated alignments containing all three genes (Figs. 
2.1-2.4). Reconstructions on individual genes produced highly similar tree topologies and 
all clustered ‘Can. Neoehrlichia australis’ and ‘Can. Neoehrlichia arcana’ within the 
genus Neoehrlichia with high posterior probabilities (Figs. 2.1-2.4). Concatenated 16S, 
groEL, and gltA sequences from ‘Can. Neoehrlichia australis’ and ‘Can. Neoehrlichia 
arcana’ shared 86.1% similarity and were 85.7% and 91.4% similar to ‘Can. Neoehrlichia 
mikurensis’ sequences, respectively, and 85.7% and 91.2% similar to N. lotoris 
sequences, respectively (Table S2.6). The highest genetic similarity of ‘Can. Neoehrlichia 
australis’ and ‘Can. Neoehrlichia arcana’ concatenated sequences to a member of the 
genera Anaplasma (77.3% and 76.5%, respectively) and Ehrlichia (83.7% and 83.9%, 
respectively) was below the minimum level of genetic similarity within these genera 
(80.6% and 89.3%, respectively) (Table S2.6). 
 
Of the 44 ticks that were infected with either ‘Can. Neoehrlichia australis’ or ‘Can. 
Neoehrlichia arcana’, two ticks were co-infected with both species, as inferred by the 
detection of 16S sequences from ‘Can. Neoehrlichia australis’, and groEL and gltA 
sequences from ‘Can. Neoehrlichia arcana’ from the same DNA sample. PCR and 
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sequencing of 16S, groEL, and gltA genes was replicated thrice over time to confirm the 
co-infection status, and results were identical in each replicate. 
 
In the current study, we have analysed partial sequences from three conserved genes 
totalling 2,872 bp from two closely related novel Neoehrlichia species detected in 
Australian I. holocyclus ticks. Analysis of individual gene sequences and concatenated 
sequences determined with high confidence, that these novel species are most closely 
related to, but distinct from N. lotoris and ‘Can. Neoehrlichia mikurensis’, and we 
propose to designate them ‘Can. Neoehrlichia australis’ and ‘Can. Neoehrlichia arcana’, 
respectively. 
 
Members of the genera Anaplasma, Ehrlichia, and Neoehrlichia are all tick-borne 
mammalian pathogens and are widespread throughout Europe, Asia, and the Americas. 
However, until the current study, no members of these genera have been found to be 
endemic to Australia. Anaplasma platys, A. marginale, and A. centrale (used as a live 
vaccine against A. marginale) do occur in tropical regions of Australia, however these 
were all introduced from other continents, and are only vectored by introduced tick 
species such as Rhipicephalus sanguineus and R. australis, respectively, and not to our 
knowledge vectored by native Australian ticks. 
 
Ixodes holocyclus is endemic only to eastern Australia and is by far the most significant 
Australian native arthropod from both a medical and veterinary perspective (Barker & 
Walker, 2014). This is due to its high affinity for parasitizing humans and domestic 
animals, its high prevalence in densely populated regions of Australia, and its ability to 
cause life-threatening paralysis in domestic animals, and weakness, paralysis, 
dermatological reactions, mammalian meat allergies, and to transmit Rickettsia spp. 
infections in humans.  
 
To date, ‘Can. Neoehrlichia australis’ and ‘Can. Neoehrlichia arcana’ have only been 
detected in I. holocyclus ticks (Gofton et al., 2015; Gofton et al., 2015b). However, like 
other Anaplasma, Ehrlichia and Neoehrlichia spp., it is likely that these organisms also 
infect mammalian hosts and are maintained through cycles of mammal-tick-mammal 
transmission. Ixodes holocyclus naturally parasitizes a range of small marsupials such as 
bandicoots (Isoodon spp. and Perameles spp.), and it is likely that serological and  
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FIGURE 2.1. Bayesian phylogenetic reconstruction of 16S rRNA gene sequences from 
‘Can. Neoehrlichia australis’ and ‘Can. Neoehrlichia arcana’ among other 
Anaplasmataceae species.  indicates sequences from this study. All posterior 
probabilities were > 0.95 except where indicated. GenBank accession is shown in 
parenthesis. Scale bar indicates the number of substitutions per nucleotide position.  
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FIGURE 2.2. Bayesian phylogenetic reconstruction of groEL gene sequences from ‘Can. 
Neoehrlichia australis’ and ‘Can. Neoehrlichia arcana’ among other Anaplasmataceae 
species.  indicates sequences from this study. All posterior probabilities were > 0.95 
except where indicated. Scale bar indicates the number of substitutions per nucleotide 
position.  
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FIGURE 2.3. Bayesian phylogenetic reconstruction of gltA gene sequences from ‘Can. 
Neoehrlichia australis’ and ‘Can. Neoehrlichia arcana’ among other Anaplasmataceae 
species.  indicates sequences from this study. All posterior probabilities were > 0.95 
except where indicated. Scale bar indicates the number of substitutions per nucleotide 
position.  
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FIGURE 2.4. Bayesian phylogenetic reconstruction of concatenated 16S, groEL, and gltA 
gene sequences from ‘Can. Neoehrlichia australis’ and ‘Can. Neoehrlichia arcana’ among 
other Anaplasmataceae species.  indicates sequences from this study. All posterior 
probabilities where > 0.95 except were indicated. Scale bar indicates the number of 
substitutions per nucleotide position. 
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molecular investigation may detect ‘Can. Neoehrlichia australis’ and ‘Can. Neoehrlichia 
arcana’ in these mammalian hosts. The pathogenic significance of ‘Can. Neoehrlichia 
australis’ and ‘Can. Neoehrlichia arcana’ has not yet been determined. 
 
2.4.2 Descriptions of ‘Can. Neoehrlichia australis’ and ‘Can. Neoehrlichia 
arcana’ 
‘Candidatus Neoehrlichia australis’ [aus.tra'lis. L. fem. adj, australis Southern Land, 
referring to Australia]. The reference strain is HT41R (GenBank: KU8665352-4), detected 
in Ixodes holocyclus ticks from New South Wales and Queensland, Australia (Gofton et 
al., 2015; Gofton et al., 2015b). Host cell types within ticks are unknown. Analysis of 
gltA gene sequences reveals a 3 bp deletion at base 434 (GenBank: KU8665353) 
compared to ‘Can. Neoehrlichia mikurensis’ and N. lotoris but consistent with 
Anaplasma and Ehrlichia species. G+C content for 16S rRNA, groEL, and gltA gene 
sequences is 47.6 mol%, 33.7 mol%, and 31.4 mol%, respectively, and for concatenated 
sequences is 39.8 mol%. It can be differentiated on the bases of 16S rRNA, groEL, and 
gltA gene sequences. 
 
‘Candidatus Neoehrlichia arcana’ [ar.ca'na. L. fem. adj. arcana hidden, secrete, 
concealed]. The reference strain is HT94R (GenBank: KU865447-9), detected in Ixodes 
holocyclus ticks from New South Wales and Queensland, Australia (Gofton et al., 2015; 
Gofton et al., 2015b). Host cell types within ticks are unknown. Analysis of gltA gene 
sequences reveals a 3 bp deletion at base 434 (GenBank: KU8665358) compared to ‘Can. 
Neoehrlichia mikurensis’ and N. lotoris but consistent with Anaplasma and Ehrlichia 
species. G+C content for 16S rRNA, groEL, and gltA gene sequences is 47.5 mol%, 33.5 
mol%, and 31 mol%, respectively, and for concatenated sequences is 39.3 mol%. It can 
be differentiated on the bases of 16S rRNA, groEL, and gltA gene sequences. 
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2.6 SUPPLEMENTARY MATERIALS 
 
TABLE S2.3. Genetic distance matrix of 16S rRNA gene sequences showing fractional nucleotide similarity between ‘Candidatus 
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TABLE S2.4. Genetic distance matrix of partial groEL sequences showing fractional nucleotide similarity between ‘Candidatus Neoehrlichia 
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TABLE S2.5. Genetic distance matrix of partial gltA sequences showing fractional nucleotide similarity between ‘Candidatus Neoehrlichia 
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TABLE S2.6. Genetic distance matrix of concatenated 16S rRNA, groEL, and gltA gene sequences showing fractional nucleotide similarity 
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3.1 ABSTRACT 
Anaplasma and Ehrlichia spp. are tick-borne pathogens that can cause severe disease in 
domestic animals, and several species are responsible for emerging zoonoses in the 
northern hemisphere. Until recently, the only members of these genera reported in 
Australia (A. marginale, A. centrale, and A. platys) were introduced from other 
continents, through the importation of domestic animals and their associated ticks. 
However, unique Anaplasma and Ehrlichia 16S rRNA gene sequences were recently 
detected for the first time in native Australian ticks, particularly in Amblyomma 
triguttatum subsp. ticks from southwest Western Australia (WA). We used molecular 
techniques to survey Am. triguttatum subsp. ticks from four allopatric populations in 
southern and western Australia for Anaplasma and Ehrlichia species, and describe here 
the phylogeny of these novel organisms. An A. bovis variant (genotype Y11) was detected 
in ticks from two study sites; Yanchep National Park (12/280, 4.3%) and Barrow Island 
(1/69, 1.4%). Phylogenetic analysis of 16S rRNA and groEL gene sequences concluded 
that A. bovis genotype Y11 is a unique genetic variant, distinct from other A. bovis 
isolates worldwide. Additionally, a novel Ehrlichia species was detected in Am. 
triguttatum subsp. from three of the four study sites; Yanchep National Park (18/280, 
6.4%), Bungendore Park (8/46, 17.4%), and Innes National Park (9/214, 4.2%), but not 
from Barrow Island. Phylogenetic analysis of 16S, groEL, gltA, and map1 gene sequences 
revealed that this Ehrlichia sp. is most closely related to, but clearly distinct from E. 
ruminantium and Ehrlichia sp. Panola Mountain. We propose to designate this new 
species ‘Candidatus Ehrlichia occidentalis’. Anaplasma bovis genotype Y11 and 
‘Candidatus Ehrlichia occidentalis’ are the first Anaplasma and Ehrlichia species to be 
recorded in native Australian ticks. 
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3.2 INTRODUCTION 
Members of the bacterial genera Anaplasma, Ehrlichia, and Neoehrlichia (Family 
Anaplasmataceae) are obligate intracellular mammalian pathogens that are vectored by 
ixodids (hard ticks) (Rar & Golovljova, 2011). In nature, these bacteria persist in wildlife 
reservoir hosts and circulate in mammal-tick-mammal transmission cycles, where ticks 
act only as vectors and not as reservoirs (Rar & Golovljova, 2011). In mammals, 
Anaplasma, Ehrlichia, and Neoehrlichia species invade haematopoietic or endothelial 
cells, where they form and multiply within intracytoplasmic vacuoles (Rikihisa, 1991; 
Rar & Golovljova, 2011). 
 
Many wildlife reservoirs can sustain asymptomatic or subclinical Anaplasma, Ehrlichia, 
and Neoehrlichia infections; however, transmission (via tick-bite) to naïve hosts such as 
humans and domestic animals can result in serious illness, including anaemia, fever, 
headache, muscle pains, nausea, rash, and in severe cases, death (Rikihisa, 1991; Rar & 
Golovljova, 2011). Several species, such as E. chaffeensis, E. ewingii, A. 
phagocytophilum, and ‘Candidatus (Can.) Neoehrlichia mikurensis’, are responsible for 
emerging zoonotic diseases (Paddock & Childs, 2003; Parola et al., 2005; Stuen, 2007; 
Colwell et al., 2011; Silaghi et al., 2015).  
 
Until recently, it was unknown whether Australia had any native Anaplasma, Ehrlichia, 
or Neoehrlichia species (Angus, 1996). Since the arrival of Europeans on the Australian 
continent nearly 250 years ago, three Anaplasma species (A. marginale, A. centrale, and 
A. platys) have been introduced through the importation of domestic animals and their 
associated ticks (Haemaphysalis longicornis, Rhipicephalus australis, and R. sanguineus 
sensu lato) (Callow, 1984; Angus, 1996). However, in Australia, these introduced 
Anaplasma species have only been reported in domestic animals, are only transmitted by 
introduced ixodids, and to the authors’ knowledge have never been detected in native 
wildlife or native ixodids (Callow, 1984; Angus, 1996). 
 
Australia has unique tick and mammal fauna that have co-evolved in relative isolation 
since the breakup of the Gondwana landmass ~40 million years ago (Upchurch, 2008). 
Indeed, phylogenetic analysis of ixodids has shown some Australian species to be 
evolutionarily distant from northern hemisphere ixodids (Xu et al., 2003). Importantly, 
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Australia is free from all members of the Ixodes ricinus/persulcatus species complex 
(Roberts, 1970; Barker & Walker, 2014), responsible for the transmission of well-
described pathogens, including Anaplasma, Ehrlichia, and Neoehrlichia spp., in other 
parts of the world. 
 
Recently, bacterial profiling studies of native Australian ixodids based on next-generation 
bacterial 16S rRNA gene (16S) metabarcoding, have revealed novel Anaplasma, 
Ehrlichia, and Neoehrlichia species that appear to be unique to Australia (Gofton et al., 
2015; Gofton et al., 2015b). For example, two new species, ‘Can Neoehrlichia australis’ 
and ‘Can. Neoehrlichia arcana’, were recently identified in the Australian paralysis tick, 
I. holocyclus, in eastern Australia (Gofton et al., 2015; Gofton et al., 2015b), and further 
characterised by PCR and Sanger sequencing (Gofton et al., 2016). Phylogenetic analyses 
of these Neoehrlichia species demonstrated that they are closely related to the emerging 
zoonotic pathogen ‘Can. Neoehrlichia mikurensis’ that occurs in Europe and Asia 
(Gofton et al., 2016). ‘Candidatus Neoehrlichia australis’ and ‘Can. Neoehrlichia arcana’ 
were also highly prevalent (8.7% and 3.1%, respectively) in I. holocyclus populations 
from its entire enzootic range (Gofton et al., 2015; Gofton et al., 2016). 
 
In Gofton et al. (2015), novel Anaplasma and Ehrlichia 16S gene sequences were 
identified in the ornate kangaroo tick, Amblyomma (Am.) triguttatum subsp., from 
southwest Western Australia (WA). Preliminary analysis of partial 16S sequences from 
these bacteria suggested they are closely related to A. bovis and E. ruminantium, 
respectively, both of which have never been reported in Australia. Although a preliminary 
analysis of 16S gene sequences has been performed, detailed studies to confirm the 
taxonomic status of the novel Anaplasma and Ehrlichia from Am. triguttatum subsp. ticks 
are lacking. 
 
The Australian native ixodid Am. triguttatum includes several subspecies that are 
distributed through most of the Australian continent, and parasitise a wide variety of 
native and introduced fauna. In its enzootic range, this tick frequently bites domestic and 
companion animals, and is one of the most common ticks to bite people, especially in 
southwest WA (Gofton, et al. 2015; Greay et al. 2016). 
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In the present study, molecular techniques were used to identify and characterise 
Anaplasma and Ehrlichia species in four allopatric populations of questing Am. 
triguttatum subsp. ticks from southern, south-western, and north-western Australia. 
 
3.3 MATERIALS & METHODS 
3.3.1 Tick collection and identification 
Two subspecies of Am. triguttatum (Am. t. triguttatum and Am. t. ornatissimum) were 
collected from four allopatric populations across South and Western Australia; Yanchep 
National Park (NP) (n=280), Bungendore Park (n=46), Innes NP (n=214), and Barrow 
Island (n=69) (Fig. 3.1). A summary of Am. triguttatum subsp. life stages collected at 
each location is presented in Table 3.1. 
 
TABLE 3.1 Summary of Amblyomma triguttatum subsp. life stages collected, and number 
of Anaplasma and Ehrlichia-positive samples at each site. 











triguttatum 41 3 2 7 (15.2%) 0 
Yorke Peninsula Amblyomma t. 
triguttatum 83 68 63 9 (4.2%) 0 
Barrow Island Amblyomma t. 
ornatissimum 0 42 27 0 1 (1.4%) 
 
Questing Am. t. triguttatum were collected from Yanchep NP and Bungendore Park from 
October-November 2016 by flagging the ground and low-lying vegetation with a 1 m2 
white flannel cloth stretched between two wooden dowels. Carbon dioxide (dry ice) baits 
were also used to attract ticks to flagging sites. Questing Am. t. triguttatum were collected 
from Innes NP on the southern tip of Yorke Peninsula, South Australia (SA) in January-
December 2006, as part of a survey investigating the seasonal density and distribution of 
this tick in the area (Waudby & Petit, 2007). Questing Am. t. ornatissimum (n=69) were 
collected opportunistically from the ground at the Barrow Island Nature Reserve from 
May-June 2016. 
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After collection, ticks were placed directly into 70% ethanol and stored at ambient 
temperature until molecular analysis. Ticks were morphologically identified into species, 
life stage, and sex under a stereomicroscope using standard keys for Australian ticks 
(Roberts, 1970; Barker & Walker, 2014). 
 
 FIGURE 3.1. Map of Australia showing locations of study sites. 
 
3.3.2 DNA extraction, PCR, and sequencing 
Prior to DNA extraction, the ticks’ external surface was decontaminated in 10% sodium 
hypochlorite, washed in 70% ethanol, rinsed in sterile and DNA-free PBS, and air-dried. 
Individual ticks were then snap-frozen in liquid nitrogen for 1 min, and pulverised in a 2 
ml microtube containing a 5 mm steel bead by beating at 40 Hz for 1 min. DNA was 
purified from tick homogenates using the DNeasy Blood and Tissue kit (QIAGEN, 
Germany) following the manufacturer’s recommendations. Extraction reagent blank 
controls were included alongside DNA extractions. DNA extraction, PCR setup and DNA 
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handling procedures were all performed in physically contained and separate dedicated 
laboratory areas, and PCR and post-PCR procedures were performed in separate 
dedicated laboratories. 
 
All Am. triguttatum subsp. DNA samples were screened for Anaplasma and Ehrlichia 
DNA using several PCR assays targeting the phylogenetically informative 16S, groEL, 
citrate synthase (gltA), and Major Antigenic Protein 1 (map1) genes (Table 3.2) 
(Anderson et al., 1991; Weisburg et al., 1991; Paddock et al., 1997; Liz et al., 2000; 
Kawahara et al., 2004; Loftis et al., 2006; Rar et al., 2010; Gofton et al., 2016). All PCR 
assays were performed in 25 μl volumes containing PCR buffer (KAPA Biosystems, 
South Africa), 2.5 mM MgCl2, 1 mM dNTPs, 400 nM of each primer, and 0.5 U KAPA 
Taq DNA polymerase (KAPA Biosystems, South Africa). Primary PCRs used 2 μl of 
genomic DNA as template, and nested and hemi-nested PCRs used 1 μl of primary 
product as a template. All PCRs included no-template controls. All PCRs were performed 
with an initial denaturation at 95°C for 3 min, followed by denaturation, annealing, and 
extension cycles as outlined in Table 3.2, followed by a final extension at 72°C for 5 min. 
 
All PCR products were electrophoresed through 1-2% agarose gels stained with SYBR 
safe (Invitrogen, USA), and amplicons of the correct length were excised from the gels 
and purified with the QIAquick gel extraction kit (QIAGEN, Germany) following the 
manufacturers recommendations. Resulting purified amplicons were sequenced with both 
PCR primers on an ABI 3730 96 DNA Analyser using Big Dye v3.1 terminators (Life 
Technologies, USA).  
 
3.3.3 Phylogenetic analysis 
16S, groEL, gltA, and map1 nucleotide sequences were aligned with sequences from 
related Anaplasma and Ehrlichia species retrieved from GenBank (Benson et al., 2005). 
Sequences were aligned with MAFFT (Katoh et al., 2002), trimmed to remove terminal 
gaps, and alignments were refined with MUSCLE (Edgar, 2004). Statistical selection of 
the most suitable nucleotide substitution model based on the Bayesian information criteria 
as performed with jModelTest2 (Guindon & Gascuel, 2003; Darriba et al., 2012) for each 
sequence alignment, and Bayesian phylogenetic reconstructions were produced from 
alignments using MrBayes (Ronquist & Huelsenbeck, 2003) on the CIPRES Science 
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Gateway (Miller et al., 2010), with an MCMC length of 1,100,000, burn-in of 10,000, and 
subsampling every 200 iterations. 
 
TABLE 3.2. PCR primers and conditions used to amplify Anaplasma and Ehrlichia gene 
sequences from tick DNA samples. 
 
3.4 RESULTS 
3.4.1 Detection of Ehrlichia and Anaplasma spp. in Amblyomma triguttatum 
subsp. 
A total of 609 questing Am. triguttatum subsp. nymphs and adults collected across the 
four study sites (Table 3.1; Fig. 3.1), were screened for the presence of Anaplasma and 
Ehrlichia DNA, using a variety of PCR assays targeting the 16S, groEL, gltA, and map1 
 
 
Primer Sequence (5’-3’) PCR cycling 
conditions 
Product size Reference 
1. Anaplasma short 16S 
Ana-911F CCTTACCACTTCTTGACATG 95°C 30s, 57°C 30s,  This study 
Ana-1227R CTTTTACCGGATTAGCTCAG 72°C 30s x 35 277 bp This study 
2. Ehrlichia short 16S 
Ehr-234F CCAAGGCAATGATCTATAGC 95°C 30s, 55°C 30s,  This study 
Ehr-404R TAAAAGAGCTTTACAACCCG 72°C 30s x 35 131 bp This study 
3.a. Anaplasmataceae 16S primary 
EC9 TACCTTGTTACGACTT 95°C 30s, 48°C 1min,  (Anderson et al., 1991) 
EC12A TGATCCTGGCTCAGAACGAACG 72°C 2min x 35 ~1,400 bp (Paddock et al., 1997) 
3.b. Anaplasmataceae 16S nested 
A17a GCGGCAAGCCTCCCACAT 95°C 30s, 54°C 1min,  (Kawahara et al., 2004) 
1345R CACCAGCTTCGAGTTAAACC 72°C 2min x 35 ~1,300 bp (Kawahara et al., 2004) 
4. Ehrlichia 16S  
3EH AATAGGGAAGATAATGACGGTACCTATA 95°C 30s, 54°C 1min,  (Loftis et al., 2006) 
RP2 ACGGCTACCTTGTTACGACTT 72°C 90s x 35 ~1,000 bp (Weisburg et al., 1991) 
5.a. Anaplasm & Ehrlichia groEL primary 
HS1-F CGTCAGTGGGCTGGTAATGAA 95°C 30s, 54°C 1min,  (Rar et al., 2010) 
HS6-R CCWCCWGGTCWACACCTTC 72°C 90s x 35 ~1,300 bp (Rar et al., 2010) 
5.b. Ehrlichia groEL nested 
groEL-fwd3 TGGCAAATGTAGTTGTAACAGG 95°C 30s, 50°C 30s,  (Gofton et al., 2016) 
groEL-rev2 GCCGACTTTTAGTACAGCAA 72°C 90s x 35 ~1,100 bp (Gofton et al., 2016) 
5.c. Anaplasma groEL nested 
HS3-F ATAGTYATGAAGGAGAGTGAT 95°C 30s, 50°C 30s,  (Liz et al., 2000) 
HSV-R TCAACAGCAGCTCTAGTWG 72°C 90s x 35 1,256 bp (Liz et al., 2000) 
6.a. Ehrlichia gltA primary 
EHRCS-131F CAGGATTTATGTCTACTGCTGCTTG 95°C 30s, 54°C 30,  (Loftis et al., 2006) 
EHRCS-1226R CCAGTATATAAYTGACGWGGACG 72°C 90s x 35 1,048 bp (Loftis et al., 2006) 
6.b. Ehrlichia gltA hemi-nested #1 
EHRCS-754F ATGCTGATCATGARCAAAATG 95°C 30s, 54°C 30s,  (Loftis et al., 2006) 
EHRCS-1226R CCAGTATATAAYTGACGWGGACG 72°C 1min x 35 584 bp (Loftis et al., 2006) 
6.c. Ehrlichia gltA hemi-nested#2 
EHRCS-131F CAGGATTTATGTCTACTGCTGCTTG 95°C 30s, 55°C 30s,  (Loftis et al., 2006) 
EHRCS-879R TIGCKCCACCATGAGCTG 72°C 1min x 35 524 bp (Loftis et al., 2006) 
7. Ehrlichia map1 
map1-45F CTGGTAAGTATATGCCAACTG 95°C 30s, 55°C 30s,  This study 
map1-750R GCAATAGCAACACTTGATGT 72°C 1min x 35 665 bp This study 
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genes (Table 3.2). All gene sequences generated in the present study were deposited in 
GenBank (Benson et al., 2005) under accessions KY425419 - KY425526. 
 
Ehrlichia DNA was detected in questing Am. t. triguttatum from Yanchep NP, 
Bungendore Park, and Innes NP, but not in Am. t. ornatissimum from Barrow Island. In 
Yanchep NP Ehrlichia DNA was detected in 18 (6.4%) Am. t. triguttatum individuals, 
including one male (0.4%), three females (1.1%), and 14 nymphs (5%). Eight (17.4%) 
Am. t. triguttatum nymphs from Bungendore Park contained Ehrlichia DNA; no males or 
females were infected. In the Innes NP population nine (4.2%) individuals contained 
Ehrlichia DNA including one male (0.5%), four females (0.9%), and four nymphs (0.9%) 
(Table 3.1) 
 
Anaplasma DNA was detected in only two of the study sites: Yanchep NP (in Am. t. 
triguttatum) and Barrow Island (in Am. t. ornatissimum). In Yanchep NP Anaplasma 
DNA was identified in 12 (4.3%) individuals, including 11 (3.9%) nymphs and one 
female (0.35%), while on Barrow Island Anaplasma DNA was only detected in a single 
Am. t. ornatissimum female (1.4%) (Table 3.1). Co-infections with both Anaplasma and 
Ehrlichia were not detected in ticks from any of the study sites. No extraction reagent 
control was positive for Anaplasma or Ehrlichia DNA. 
 
3.4.2 Molecular characterisation of ‘Candidatus Ehrlichia occidentalis’ 
In total, 1,370 bp 16S, 1,067 bp groEL, 1,048 bp gltA, and 655 bp map1 Ehrlichia gene 
sequences were generated from the 34 Ehrlichia-infected Am. t. triguttatum from 
Yanchep NP, Bungendore Park, and Innes NP. Two distinct Ehrlichia 16S sequences 
were generated that differed by only two SNPs at nucleotide positions 209 and 1,243. The 
Ehrlichia 16S sequences (1,370 bp) were most similar to Ehrlichia sp. Panola Mountain 
(Mtn.) (GenBank: DQ324367) (98.1%) from Georgia, USA (Loftis et al., 2006), and to E. 
ruminantium (GenBank: CR925677) (98.1%), and were less than 97.7% similar to other 
Ehrlichia species. At the gltA locus (1,048 bp), all sequences generated were identical, 
and were most similar to Ehrlichia sp. Panola Mtn. (GenBank: DQ363995) (83%), and 
then to E. ruminantium (GenBank: DQ513396) (82.3%), and less than 80.6% similar to 
gltA sequences from any other Ehrlichia species. No groEL gene sequences were 
available from the Panola Mtn. Ehrlichia sp. and the Ehrlichia groEL gene sequences 
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(1,067 bp) generated in the present study, were most similar to E. ewingii (GenBank: 
AF195273) (90.9%), and then to E. ruminantium strain Gardel groEL (GenBank: 
CR925677) (90.1%). All Ehrlichia groEL sequences generated in the present study were 
identical from each sample. At the Ehrlichia map1 locus, two variants were sequenced 
that differed only by a single SNP at nucleotide position 313. As with the 16S and gltA 
loci, Ehrlichia map1 gene sequences from Am. t. triguttatum were most similar to 
Ehrlichia sp. Panola Mtn. (GenBank: EU272347) (70.2%) and then to E. ruminantium 
(GenBank: AF125274) (69.9%). 
 
At the 16S, groEL, and gltA loci, the interspecific distances between the Ehrlichia sp. 
from Am. t. triguttatum and all other Ehrlichia species (98.3˗97.2%, 90.9˗88.4%, and 
83˗79.6%, respectively) are within the accepted ranges that genetically differentiate all 
other Ehrlichia species at these loci (98.5˗97%, 94.5˗86.5%, and 86.9˗78.3%, 
respectively), indicating that sufficient genetic dissimilarity exists to delimit the Ehrlichia 
from Am. t. triguttatum as a distinct Ehrlichia species. This distinction is also supported 
by phylogenetic reconstructions at all loci studied (Figs. 3.2-3.5). 
 
Bayesian phylogenetic reconstructions based on 16S, gltA, and map1 sequences all 
consistently grouped the Ehrlichia from Am. t. triguttatum with Ehrlichia sp. Panola Mtn. 
and E. ruminantium, to the exclusion of all other Ehrlichia species with very high 
statistical support (Figs. 3.2, 3.3-3.5). Unlike the other loci, phylogenetic reconstructions 
based on groEL sequences did not cluster the Ehrlichia from Am. t. triguttatum with E. 
ruminantium, but formed its own monophyletic clade positioned between E. ruminantium 
and E. ewingii (Fig. 3.3). However, this phylogenetic clustering had only moderate 
statistical support (0.54), and it is likely that the addition of Ehrlichia sp. Panola Mtn. 
groEL sequences may alter this topology. Unfortunately, the groEL gene from the Panola 
Mtn. Ehrlichia sp. has not been sequenced (Loftis et al., 2006; Yabsley et al., 2008). 
 
Analysis at all loci studied revealed consistently, and with high statistical support, that the 
novel Ehrlichia sp. from Am. t. triguttatum was distinct from any other described 
Ehrlichia species, and that sufficient genetic variation occurred at these loci to delimit it 
as a new species. Based on the genetic information presented here, we propose to 
designate this species ‘Can. Ehrlichia occidentalis’, denoting its discovery in WA. For 
clarity, we herein refer to this species by its proposed name.  





FIGURE 3.2. Bayesian phylogenetic reconstruction of ‘Can. Ehrlichia occidentalis’’ 
based on 1,281 bp 16S rRNA gene sequences using the K2P substitution model.  
indicates sequences from this study. All posterior probabilities are > 0.9, except where 
indicated. GenBank accessions are shown in parenthesis. Scale bar indicates the number 
of substitutions per nucleotide position.  
  








FIGURE 3.3. Bayesian phylogenetic reconstruction of ‘Can. Ehrlichia occidentalis’’ 
based on 1,067 bp groEL gene sequences using the K2P substitution model.  indicates 
sequences from this study. All posterior probabilities are > 0.9, except where indicated. 
GenBank accessions are shown in parenthesis. Scale bar indicates the number of 
substitutions per nucleotide position.  
  








FIGURE 3.4. Bayesian phylogenetic reconstruction of ‘Can. Ehrlichia occidentalis’’ 
based on 1,033 bp gltA gene sequences using the HKY85 substitution model.  indicates 
sequences from this study. All posterior probabilities are > 0.9, except where indicated. 
GenBank accessions are shown in parenthesis. Scale bar indicates the number of 
substitutions per nucleotide position.  
  








FIGURE 3.5. Bayesian phylogenetic reconstruction of ‘Can. Ehrlichia occidentalis’’ 
based on 655 bp map1 gene sequences using the GTR substitution model.  indicates 
sequences from this study. All posterior probabilities are > 0.9, except where indicated. 
GenBank accessions are shown in parenthesis. Scale bar indicates the number of 
substitutions per nucleotide position.  
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3.4.3 Molecular characterisation of Anaplasma bovis genotype Y11  
Almost complete 16S (1,307 bp) and groEL (1,256 bp) gene sequences were generated 
from the 12 Anaplasma-infected Am. t. triguttatum from Yanchep NP and from one 
Anaplasma-infected Am. t. ornatissimum from Barrow Island. Three unique Anaplasma 
16S sequences were generated from Am. triguttatum subsp. samples, differing by only 
one SNP and one indel at nucleotide positions 1,259 and 1,257, respectively. 
Phylogenetic reconstructions based on 1,265 bp 16S sequences clustered the Anaplasma 
sequences from Am. triguttatum subsp. samples within the monophyletic A. bovis clade 
with high statistical support (Fig 3.6). However, within this clade, the A. bovis sequences 
from Am. triguttatum subsp. were clearly distinct from previously described isolates, and 
to differentiate it from other isolates we have defined it as A. bovis genotype Y11 (Fig. 
3.6). Almost all A. bovis 16S sequences worldwide share at least 99.3% similarity; 
however, the A. bovis genotype Y11 sequences analysed here were highly divergent from 
other A. bovis strains, sharing only 97.3˗99.5% similarity. Anaplasma bovis genotype 
Y11 sequences shared a most recent common ancestor with A. bovis isolates (GenBank: 
KM114611-3) from wild crab-eating macaques (Macaca fascicularis) from Malaysia 
(Fig. 3.6) (Tay et al., 2015), which are also the geographically closest A. bovis isolates to 
Australia. 
 
Phylogenetic analysis was also performed on 1,184 bp groEL sequences which showed 
that A. bovis genotype Y11 was most similar (85%) to other A. bovis isolates, and less 
than 78.5% similar to any other Anaplasma species (Fig. 3.7). Anaplasma bovis genotype 
Y11 groEL sequences also clustered with A. bovis isolates from northern China and the 
Amur region of Russia (Rar et al., 2013) with high statistical support (Fig. 3.7). However, 
the genetic diversity of the A. bovis groEL gene has not been greatly explored worldwide, 
and only three full-length sequences were available for comparison in the present study, 
likely heavily biasing the phylogenetic analysis. 
 
3.5 DISCUSSION 
Worldwide, Anaplasma and Ehrlichia species are associated with a wide range of 
mammalian hosts and ixodid vectors, and novel genetic variants and new species are 
frequently described (Kawahara et al., 2004; Rar et al., 2015; Cabezas-Cruz et al., 2016; 
Guo et al., 2016). Here we describe the first two Anaplasma and Ehrlichia species that we 
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believe are likely endemic to the Australian continent; A. bovis genotype Y11 and ‘Can. 
Ehrlichia occidentalis’.  
 
Phylogenetic analyses of 16S, groEL, gltA, and map1 gene sequences unambiguously 
demonstrate that ‘Can. Ehrlichia occidentalis’ is unique and distinct from any other 
described Ehrlichia species, but shares common ancestry with E. ruminantium from sub-
Saharan Africa and Ehrlichia sp. Panola Mtn. from the eastern USA. Both E. 
ruminantium and the Panola Mtn. Ehrlichia sp. are animal pathogens, that have been 
demonstrated to have zoonotic potential (Allsopp et al., 2005; Reeves et al., 2008). In 
Australia, there is currently no reliable evidence of autochthonous Ehrlichia sp. infections 
in domestic animals or people; however, very few studies have been performed (Mason et 
al., 2001; Mayne, 2015). The clinical impact and zoonotic potential of ‘Can. Ehrlichia 
occidentalis’ remains unknown and needs to be explored in more detail given the current 
public health concerns regarding tick-transmitted diseases in Australia (Beaman, 2016; 
Collignon et al., 2016). 
 
Anaplasma bovis is a well-documented bovine pathogen in Africa and Asia, and has been 
reported recently for the first time in Europe (Spain) (Rar & Golovljova, 2011; Palomar et 
al., 2015). Anaplasma bovis has been detected in a wide variety of wildlife species 
including deer (Kawahara et al., 2006; Kang et al., 2011; Palomar et al., 2015), goats (Ge 
et al., 2016), raccoons (Sashika et al., 2011), cotton-tailed rabbits (Goethert & Telford, 
2003), wildcats (Tateno et al., 2013), and crab-eating macaques (Tay et al., 2015); 
however, to date, there is no evidence that A. bovis is zoonotic. Subclinical and 
asymptomatic infections are common, particularly in wildlife that have co-evolved with 
A. bovis (Kawahara et al., 2006; Kang et al., 2011; Tay et al., 2015). Anaplasma bovis has 
also been detected in a wide variety of tick species worldwide, including A. variegatum 
(Dumler et al., 2001), Dermacentor andersoni (Dergousoff & Chilton, 2011), H. 
longicornis (Kawahara et al., 2006; Kim et al., 2006), H. concinna (Shpynov et al., 2006; 
Rar et al., 2010; Rar et al., 2013), and I. scapularis (Goethert & Telford, 2003), but their 
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FIGURE 3.6. Bayesian phylogenetic reconstruction of Anaplasma bovis genotype Y11 
based on 1,265 bp 16S rRNA sequences.  indicates sequences from this study. All 
posterior probabilities are > 0.9, except where indicated. GenBank accessions are shown 
in parenthesis. Scale bar indicates the number of substitutions per nucleotide position.   
  




FIGURE 3.7. Bayesian phylogenetic reconstruction of Anaplasma bovis genotype Y11 
based on 1,184 bp groEL sequences.  indicates sequences from this study. All 
posterior probabilities are > 0.9, except where indicated. GenBank accessions are shown 
in parenthesis. Scale bar indicates the number of substitutions per nucleotide position.  
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Phylogenetic analyses presented here shows that extensive genetic divergence exists 
between A. bovis genotype Y11 and other A. bovis isolates from around the world. We 
hypothesise that, unlike other Anaplasma species that were recently introduced to 
Australia, A. bovis genotype Y11 has occurred naturally in Australia for a significant 
period of time, and has co-evolved with endemic ixodids, such as Am. t. triguttatum and 
Am. t. ornatissimum, and presumably endemic marsupial or eutherian reservoir hosts. 
Further research is required to confirm this proposition. 
 
Phylogenetic reconstruction of 16S gene sequences shows that A. bovis genotype Y11 
shared a most recent common ancestor (96.1% identity) with A. bovis from crab-eating 
macaques (Macaca fascicularis) from Malaysia, whose natural distribution extends as far 
south as the Indonesian islands of Java and Bali, approximately 1,200 km northeast of the 
Australian mainland. The genetic relatedness of these genotypes is interesting and the 
relative geographic proximity of these isolates suggests that A. bovis may have migrated 
from southeast Asia into Australia via natural dispersal events. Some species of fruit-
eating bats have been documented flying between Indonesia and New Guinea, and New 
Guinea and Australia, and such migratory animals may have aided in the dispersal of 
infectious organisms across sea barriers (Breed et al., 2010). Anaplasma bovis has also 
been identified in ticks on migratory birds in Europe, which are thought to act as carriers 
of A. bovis over large geographic distances (Palomar et al., 2015). Assessment of the 
presence and genetic relatedness of A. bovis from islands in close proximity to Australia, 
such as Timor and New Guinea, would help to confirm this hypothesis. Alternatively, A. 
bovis may have entered the Australian continent with the dispersal and subsequent 
radiation of rodents from Asia, 5-10 million years ago (Breed, 2007). 
 
The data presented here suggests that Am. t. triguttatum and Am. t. ornatissimum are 
natural hosts and potential vectors of A. bovis genotype Y11 and ‘Can. Ehrlichia 
occidentalis’. The transovarial transmission of Anaplasma and Ehrlichia species in 
ixodids is thought not to occur, or to occur only sporadically (Stich et al., 1989; Long et 
al., 2003; Baldridge et al., 2009). Rather, the maintenance of these bacteria in ixodids 
primarily occurs through horizontal transmission between mammalian hosts and ticks 
during blood feeding. Furthermore, the presence of A. bovis genotype Y11 and ‘Can. 
Ehrlichia occidentalis’ in unfed questing Am. triguttatum subsp. ticks, demonstrates the 
transstadial persistence of these bacteria within the ticks’ tissues through life stage 
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moults. The transstadial persistence of Anaplasma and Ehrlichia species between life 
stages is a critical mechanism that facilitates transmission of the bacteria to new 
mammalian hosts during the next life stages blood meal (Parola & Raoult, 2001). The 
data presented here therefore suggests that, like their close relatives overseas, A. bovis 
genotype Y11 and ‘Can. Ehrlichia occidentalis’ circulate in natural cycles of mammal-
tick-mammal transmission involving Am. t. triguttatum and Am. t. ornatissimum as 
vectors; however, transmission experiments are needed to validate this hypothesis. 
 
Amblyomma triguttatum subsp. are widely distributed in Australia, naturally occurring 
throughout northern New South Wales, Queensland, the Northern Territory, and WA 
(Roberts, 1962). In WA, Am. t. triguttatum is exclusively found in the southwest 
(including study sites Yanchep NP and Bungendore Park), and Am. t. ornatissimum is 
found predominantly in the Northern tropics of the state (including Barrow Island); 
however, several recordings have been made of this subspecies in the southwest (Roberts, 
1962). The population of Am. t. triguttatum studied here from Innes NP on the southern 
tip of the Yorke Peninsula (SA) (Fig. 3.1), is thought to have established in the area in 
only the last 30 years, aided by human and domestic animal movement (McDiarmid et al., 
2000).  
 
Amblyomma triguttatum subsp. have a relatively wide host distribution and will readily 
parasitise a range of wildlife species, as well as companion animals, livestock and 
humans. In some areas, including southwest WA, Am. t. triguttatum is the most common 
tick that bites humans (Gofton et al., 2015). The natural wildlife hosts of Am. triguttatum 
subsp. adults and nymphs are well documented, and include a range of native macropods 
such as Macropus fuliginosus, M. robustus, M. rufus as well as smaller marsupials such 
as Myrmecobium fasciatus (Roberts, 1970; Barker & Walker, 2014). It is therefore likely 
that one or more of these marsupial species may act as reservoirs for A. bovis genotype 
Y11 and ‘Can. Ehrlichia occidentalis’. 
 
In the present study ‘Can. Ehrlichia occidentalis’ was detected in only three of the study 
sites: Yanchep NP, Bungendore Park, and Innes NP, but not in Barrow Island. A. bovis 
was only detected in Barrow Island and Yanchep NP but not in the other two study sites. 
These observed differences in the distribution of Anaplasma and Ehrlichia may be related 
to the different mammalian fauna that occurs across the four study sites and may act as 
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reservoirs for these bacteria. For example Macropus fuliginosus occurs across all three 
sites in which ‘Can. Ehrlichia occidentalis’ was identified, but does not occur on Barrow 
Island. Future studies investigating the presence and distribution of Anaplasma and 
Ehrlichia within Australian wildlife species are needed to improve our understanding of 
the epidemiology of these bacteria. 
  
In the present study, 37 Am. t. triguttatum nymphs (78.7% of Ehrlichia or Anaplasma-
infected individuals) were infected with A. bovis genotype Y11 or ‘Can. Ehrlichia 
occidentalis’; therefore, the hosts of larval Am. t. triguttatum appear to be significant 
reservoirs of these bacteria. However, the hosts of larval Am. triguttatum subsp. have not 
been explored to a great extent, largely because the larval stages for all Am. triguttatum 
subsp. have not been described (Roberts, 1962; Roberts, 1970; Barker & Walker, 2014). 
Molecular techniques such as cytochrome c oxidase I (COI) gene barcoding (Lv et al., 




The pathogenic and zoonotic potential of Anaplasma and Ehrlichia species worldwide is 
well recognised, and in endemic areas concerted efforts are made to monitor, manage, 
and mitigate the impact of these emerging tick-borne infections (Parola & Raoult, 2001; 
Colwell et al., 2011). Anaplasma bovis genotype Y11 and ‘Can. Ehrlichia occidentalis’ 
add to the growing number of novel tick-associated bacteria in Australia, following the 
recent description of two novel Neoehrlichia species and a novel Borrelia species 
(Gofton et al., 2016; Loh et al., 2016) from native Australian ixodids. The identification 
of these tick-associated organisms in Australia is of potential public health importance, 
since a large number of Australians are exposed each year to tick bites through 
occupation or recreation, and there is current hightened public concern regarding tick-
transmitted disease in Australia (Beaman, 2016; Collignon et al., 2016). In Australia, a 
concerted scientific contribution within a One Health research framework is required to 
determine the ecology of these novel tick-borne bacteria, and assess any potential risks 
these novel organisms pose to human and animal health. 
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4.1 ABSTRACT 
Worldwide, Ehrlichia spp. are emerging infectious organisms of domestic animals and 
people, however, most Ehrlichia spp. naturally infect wildlife reservoirs causing mainly 
asymptomatic infections. Australian ecosystems have been under-explored for these 
potentially pathogenic organisms, and recent studies have identified a range of novel 
Ehrlichia, and their sister genera, Anaplasma and Neoehrlichia species, from native 
Australian ticks. We used bacterial 16S rRNA (16S) next-generation sequencing and 
genus-specific PCR to profile the bacterial communities in platypus (Ornithorhynchus 
anatinus) blood samples and platypus ticks (Ixodes ornithorhynchi), and identified a high 
prevalence of Ehrlichia sequences. We also observed Ehrlichia-like intra-neutrophilic 
inclusions (morulae) in PCR-positive stained platypus blood films that were consistent in 
morphology with other Ehrlichia spp. Bayesian phylogenetic analysis of 16S (1,343 bp), 
gltA (1,004 bp), and groEL (1,074 bp) gene sequences group the platypus Ehrlichia with 
‘Candidatus (Can.) Ehrlichia khabarensis’ from far-eastern Russia, and demonstrate that 
the platypus Ehrlichia is clearly distinct from all other Ehrlichia spp.  Enough genetic 
divergence exists to delineate this platypus Ehrlichia as a separate species that we 
propose to designate ‘Can. Ehrlichia ornithorhynchi’. There is no evidence that ‘Can. 
Ehrlichia ornithorhynchi’ causes disease in wild platypuses, however, the organism does 
seem to be widespread in Australia, being found in both Queensland and Tasmania. ‘Can. 
Ehrlichia ornithorhynchi’ is the second native Australian Ehrlichia described and adds to 
the rapidly growing diversity of recently described native Australian tick-borne bacteria. 
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4.2 INTRODUCTION 
Members of the sister genera Anaplasma, Ehrlichia, and Neoehrlichia (family 
Anaplasmataceae) are tick-borne obligate intracellular Alphaproteobacteria that infect 
mammalian haematopoietic or endothelial cells, and are an emerging infectious threat to 
domestic animals and people worldwide. These bacteria commonly infect wildlife species 
(reservoirs) causing mostly asymptomatic infections, and are vectored between 
mammalian hosts by hard ticks (Acari: Ixodida). However, transmission by tick bite to 
naïve hosts, such as humans and domestic animals, can cause serious illness, and in 
severe cases death (Rar & Golovljova, 2011). Several species such as A. 
phagocytophilum, E. chaffeensis, E. ewingii, and ‘Candidatus (Can.) Neoehrlichia 
mikurensis’ are responsible for emerging zoonoses, and species such as E. ruminantium, 
A. marginale and E. canis cause significant disease in domestic animals (Paddock & 
Childs, 2003; Colwell et al., 2011; Rar & Golovljova, 2011; Stuen et al., 2013; Atif, 
2015; Silaghi et al., 2015). 
 
Globally, Anaplasma, Ehrlichia, and Neoehrlichia spp. are associated with a wide range 
of mammalian hosts and tick vectors, and novel genetic variants and new species are 
frequently described (Kawahara et al., 2004; Yabsley et al., 2008; Pritt  et al., 2011; Cruz 
et al., 2012; Rar et al., 2015; Guo et al., 2016) However, until recently no members of 
these genera were thought to be native to Australia. Three Anaplasma spp. (A. marginale, 
A. centrale, and A. platys) have been introduced to Australia after European arrival, 
through the importation of domestic animals (cattle and dogs) and their associated ticks 
(Haemaphysalis longicornis, Rhipicephalus australis, and R. sanguineus sensu lato) 
(Callow, 1984; Angus, 1996). However, in Australia, these introduced Anaplasma spp. 
only infect introduced domestic animals, are only vectored by introduced ticks, and to the 
authors’ knowledge have never been detected in native wildlife or ticks (Callow, 1984; 
Angus, 1996). 
  
Recent investigations, however, have identified, for the first time, a diverse range of 
indigenous Australian Anaplasma, Ehrlichia, and Neoehrlichia spp. in native Australian 
ticks. These newly described species and genetic variants include ‘Can. Neoehrlichia 
australis’ and ‘Can. Neoehrlichia arcana’ that were identified in Ixodes holocyclus ticks in 
Queensland (QLD) and New South Wales (NSW) (Gofton et al., 2015; Gofton et al., 
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2016), ‘Candidatus Ehrlichia occidentalis’ that was identified in Amblyomma triguttatum 
triguttatum ticks in Western Australia and South Australia, and A. bovis genotype Y11 
that was detected in Am. t. triguttatum and Am. t. ornatissimum ticks in Western Australia 
(Gofton et al., 2017). Notably, these novel Ehrlichia and Neoehrlichia spp. identified in 
Australia are phylogenetically closely related to zoonotic species found overseas, such as 
E. ruminantium, Ehrlichia sp. Panola Mtn., and ‘Can. Neoehrlichia mikurensis’ (Gofton 
et al., 2016; Gofton et al., 2017). Although research is ongoing, little is known about the 
epidemiology and ecology of these newly discovered Australian Anaplasma, Ehrlichia, 
and Neoehrlichia spp. and it is currently unknown whether they are pathogenic to people 
or animals. 
 
Compared to other continents, Australia has unique mammal and tick fauna that have co-
evolved in relative isolation since the complete separation of the continent from the 
Gondwana landmass ~ 40 million years ago (Long, 2017). One such unique Australian 
mammal is the platypus (Ornithorhynchus anatinus), which is a semi-aquatic monotreme 
(egg-laying mammal), endemic to eastern Australia including Tasmania (TAS). 
Platypuses harbour the tick Ixodes ornithorhynchi, which has evolved a highly specific 
host-parasite relationship for platypuses and does not parasitise any other species 
(Roberts, 1970). Little is known about the ecology or behaviour of I. ornithorhynchi, 
however, it is thought that all life stages are nidicolous, remaining within platypus 
burrows when not feeding; I. ornithorhynchi are found throughout the entire enzootic 
range of the platypus (Roberts, 1970).  
 
As part of a wider study investigating the microbiome of native Australian ticks, we used 
next-generation sequencing (NGS) bacterial 16S rRNA (16S) metagenomic techniques to 
profile the microbiome of I. ornithorhynchi. Preliminary NGS data identified a high 
prevalence of Ehrlichia-like 16S rRNA (16S) gene sequences in I. ornithorhynchi ticks 
from platypuses. Prompted by these findings, we then used PCR-based methods to screen 
I. ornithorhynchi samples and platypus blood samples from two allopatric platypus 
populations in QLD and TAS for Ehrlichia and describe the phylogeny of the novel 
Ehrlichia sp. identified. 
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4.3 MATERIALS & METHODS 
4.3.1 Sample collection 
Platypus blood and I. ornithorhynchi samples were collected from two allopatric regions: 
Nerum Creek, Woodford, QLD, and the Inglis River catchment in northwest TAS. Ixodes 
ornithorhynchi specimens (n=30) were collected opportunistically from a single thin and 
weak sub-adult platypus from Nerum Creek, QLD, which was admitted to the Australia 
Zoo Wildlife Hospital (AZWH), Beerwah, QLD. Ticks from this animal were placed 
directly in 70% ethanol and sent to Murdoch University at ambient temperature, where 
they were morphologically identified as I. ornithorhynchi females (28/30) and nymphs 
(2/30) using standard morphological keys (Roberts, 1970); all I. ornithorhynchi 
specimens from this animal were engorged. Blood samples from this animal were not 
available for analysis. 
 
 Additionally, platypus blood samples (n=27) and I. ornithorhynchi (n=42) samples were 
collected from the Inglis Rivers, TAS, platypus population, as part of a wider study into 
platypus health and behaviour as previously described (Paparini et al., 2014; Paparini et 
al., 2015; Macgregor et al., 2017). Ixodes ornithorhynchi specimens including 13 females, 
25 nymphs, and 4 larvae were collected from 19 platypuses; all specimens were 
engorged. Corresponding blood and I. ornithorhynchi samples were obtained from seven 
of the 19 platypuses.  
 
4.3.2 DNA extraction 
For the TAS platypus blood (n=27/27) and I. ornithorhynchi (n=15/42) samples for which 
DNA had previously been extracted, DNA extraction protocols have been previously 
described (Paparini et al., 2014; Paparini et al., 2015). Genomic DNA was also isolated 
from additional TAS (n=27) and QLD (n=30) I. ornithorhynchi samples using the 
DNeasy Blood and Tissue kit (QIAGEN, Germany) following the manufacturer’s 
recommendations. Prior to DNA extraction, the ticks’ external surface was washed in 
10% sodium hypochlorite, washed in 70% ethanol, rinsed in sterile and DNA-free PBS, 
and air-dried. Individual ticks were then snap-frozen in liquid nitrogen for 1 min, and 
pulverised in a 2 ml microtube containing a 5 mm steel bead by beating at 40 Hz for 1 
min (QIAGEN TissueLyser LT, Germany). 
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4.3.3 NGS library preparation, sequencing, and analysis 
Ten engorged I. ornithorhynchi females from Nerum Creek, QLD, were used for 
preliminary NGS microbiome investigations. Bacterial 16S gene libraries were prepared 
for NGS on the MiSeq platform (Illumina, USA), according to the manufacturer’s 
recommendations (Illumina Demonstrated Protocol: 16S Metagenomic Sequencing 
Library Preparation), with the following exceptions. Amplicon libraries were produced by 
PCR amplifying the V1-2 hyper variable 16S gene regions with the universal primers 
27F-Y and 338R (Gofton et al., 2015). Primers also included MiSeq adapter sequences on 
the 5’ end. Each library was then dual indexed with unique DNA barcodes, pooled 
together in equimolar concentrations, and sequencing was performed on a MiSeq 
(Illumina, USA) using 500-cycle V2 chemistry (250 bp paired-end reads), following the 
manufacturers’ recommendations. No-template and extraction reagent blanks were also 
sequenced alongside the samples. 
 
Paired-end 16S sequences were merged using USEARCH v9.2 (Edgar, 2010) allowing a 
minimum of 50 nt overlap and no gaps in the merged alignments. Reads that did not have 
perfect primer sequences (no mismatches) were removed from the dataset, and primer 
regions and distal bases were trimmed from the reads with Geneious v10.1.3 (Biomatters, 
NZ) (Kearse et al., 2012). Singletons, reads < 250 nt, and reads with > 1% expected error 
rate were removed from the dataset with USEARCH v9.2, and reads were clustered into 
operational taxonomic units (OTUs) with the UPARSE algorithm (Edgar, 2013) with 
default parameters. OTUs were assigned taxonomy by aligning to the Greengenes 16S 
database (DeSantis et al., 2006) in QIIME 1.9 (Caporaso et al., 2010) using the UCLUST 
algorithm (Edgar, 2010) with default parameters. Only OTUs taxonomically resolved to 
the genus-level were included in the final analysis. OTUs that were identified in no-
template or extraction reagent blanks were removed from the rest of the dataset to 
account for background bacteria that may have contaminated the experiment from the 
environment. 
 
4.3.4 Ehrlichia-specific PCR and Sanger sequencing 
Following NGS bacterial 16S analysis of ten I. ornithorhynchi samples, all additional 
platypus blood and I. ornithorhynchi DNA samples were screened for Ehrlichia with five 
pan-Ehrlichial PCR assays targeting the phylogenetically informative 16S rRNA (16S), 
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citrate synthase (gltA), and groEL genes. These PCR assays consisted of 1) primers 
234F/404R targeting 131 bp of the 16S gene (Gofton et al., 2017); 2) primers A17a/RP2 
targeting ~ 1.3 kb of the 16S gene (Weisburg et al., 1991; Kawahara et al., 2004); 3) 
primers 3EH/RP2 targeting ~1 kb of the 16S gene (Loftis et al., 2006); 4) a nested PCR 
assay with primary primers HS1a/HS6, and nested primers groELF3/groELR2 targeting 
~1.1 kb of the groEL gene (Liz et al., 2000; Gofton et al., 2016); and 5) primers EHRCS-
131F/EHRCS-1226R targeting ~ 1 kb of the gltA gene (Loftis et al., 2006). Primer 
sequences, expected product sizes, and PCR cycling conditions are presented in Table 
4.1. All PCR assays were performed in 25 μl volumes containing PCR buffer (KAPA 
Biosystems, South Africa), 2.5 mM MgCl2, 1 mM dNTPs, 400 nM of each primer, and 
0.5 U KAPA Taq DNA polymerase (KAPA Biosystems, South Africa). Primary PCRs 
used 2 μl of genomic DNA as template, and nested and hemi-nested PCRs used 1 μl of 
primary product as a template. No-template controls and extraction reagent blank controls 
were included in all PCR assays. 
 
PCR products were electrophoresed through 1-2% agarose gels stained with SYBR safe 
(Invitrogen, USA), and amplicons of the correct length were excised from the gels and 
purified from the agarose by centrifuging through a 200 μl filter pipet tip and collecting 
the eluate in a 1.5 ml microtube (Yang et al., 2013). Resulting purified amplicons were 
sequenced with both PCR primers on an ABI 3730 96 DNA Analyser using Big Dye v3.1 
terminators (Life Technologies, USA). All unique sequences generated in the present 
study have been deposited in GenBank (Benson et al., 2005) under accessions 
MF069155-MF069159. 
 
4.3.5 Phylogenetic analysis 
Ehrlichia 16S, gltA, and groEL nucleotide sequences from the present study were aligned 
with sequences from other Ehrlichia retrieved from GenBank (Benson et al., 2005). 
Sequences were aligned with MAFFT (Katoh et al., 2002), trimmed to remove terminal 
gaps, and alignments were refined with MUSCLE (Edgar, 2004). Statistical selection of 
the most suitable nucleotide substitutions model based on the Bayesian information 
criteria as performed with jModelTest2 (Guindon & Gascuel, 2003; Darriba et al., 2012), 
and Bayesian phylogenetic reconstructions were produced from alignments using 
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MrBayes (Ronquist et al., 2012), with an MCMC length of 1,100,000, burn-in of 10,000, 
and subsampling every 200 iterations. 
 
TABLE 4.1. PCR primers and conditions used to amplify ‘Can. Ehrlichia ornithorhynchi’ 
gene sequences from tick and platypus blood samples. 





1. Ehrlichia sp. 16S short 
Ehr-234F CCAAGGCAATGATCTATAGC 95°C 30s, 55°C 30s, 131 bp (Gofton et al., 2017) 
Ehr-404R TAAAAGAGCTTTACAACCCG 72°C 30s, x35  (Gofton et al., 2017) 
2. Ehrlichia sp. 16S 
A17a GCGGCAAGCCTCCCACAT 95°C 30s, 54°C 1min, ~1.3 kb (Kawahara et al., 2004) 
RP2 ACGGCTACCTTGTTACGACTT 72°C 2min, x40  (Weisburg et al., 1991) 
3. Ehrlichia sp. 16S 
3EH AATAGGGAAGATAATGACGGTACC
TATA 
95°C 30s,  
54°C 1min, 
~1 kb (Loftis et al., 2006) 
RP2 ACGGCTACCTTGTTACGACTT 72°C 90s, x40  (Weisburg et al., 1991) 
4.a. Ehrlichia groEL primary 
HS1-F CGTCAGTGGGCTGGTAATGAA 95°C 30s, 54°C 30s, ~1.3 kb (Rar et al., 2010) 
HS6-R CCWCCWGGTCWACACCTTC 72°C 90s, x35  (Rar et al., 2010) 
4.b. Ehrlichia groEL nested 
groEL-F3 TGGCAAATGTAGTTGTAACAGG 95°C 30s, 50°C 30s, ~ 1 kb (Gofton et al., 2016) 
groEL-R2 GCCGACTTTTAGTACAGCAA 72°C 90s, x35  (Gofton et al., 2016) 









(Loftis et al., 2006) 
EHRCS-
1226R 
CCAGTATATAAYTGACGWGGACG 72°C 90s, x40  (Loftis et al., 2006) 
* All PCRs started with an initial denaturation step at 95°C for 3 min, followed by 
cycling conditions as above, followed by a final extension step at 72°C for 5 mins.  
 
4.3.6 Microscopy of platypus blood smears 
Thin peripheral blood smears were made from a drop of fresh blood and stained with a 
Modified Wright’s stain. After air-drying, slides were cover-slipped using DePeX (Merck 
Pty. Ltd., Australia). Stained films were systematically examined using a BX50 
microscope (Olympus, Japan) with screen views generated by DP Controller (Olympus, 
Japan) for the presence of Ehrlichia-like intracellular inclusions (morulae) in the 
leukocytes. Digital light micrographs of Ehrlichia-like morulae were taken at x 1000 
magnification. The images were then used for morphological measurements, taken using 
the software Image J (Abramoff et al., 2004). 
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4.4 RESULTS 
4.4.1 NGS analysis 
A total of 156,031 quality filtered ~300 bp 16S sequences were generated from the ten I. 
ornithorhynchi samples with an average sequencing depth of 15,603 sequences per 
sample. Taxonomic classification of OTUs identified 16 bacterial genera from three phyla 
(Actinobacteria, Firmicutes, Proteobacteria) in the samples (Table 4.2). Sequences from 
most genera were identified in relatively low abundances (< 10% of total reads), however, 
several genera such as Corynebacterium, Propionibacterium, Bacillus, Delftia, and 
Stenotrophomonas were present in much higher abundances (15-35%) (Table 4.2), and 
are known to be associated with tick microbiomes (Gofton et al., 2015). The genus 
Ehrlichia was identified in 7/10 I. ornithorhynchi, and was the most highly abundant 
bacterial genus identified. The relative abundance of Ehrlichia sequences ranged from 
47.8% to 99.7% in positive samples. The short (~300 bp) Ehrlichia sequences were 
compared to GenBank using BLAST (Altschul et al., 1990), and were most similar 
(96.3% pairwise identity) to ‘Can. Ehrlichia shimanensis’ (GenBank: AB074459), which 
was identified in Haemaphysalis longicornis in Japan (Kawahara et al., 2006). However, 
short 16S Ehrlichia sequences are unreliable for accurate phylogenetic reconstructions 
(Dumler et al., 2001). 
 
4.4.2 Detection of Ehrlichia sp. in platypus blood and tick samples 
After initial microbiome investigations on ten I. ornithorhynchi, and the identification of 
novel Ehrlichia-like sequences, additional I. ornithorhynchi and platypus blood samples 
were screened with Ehrlichia-specific PCR assays. Of the 30 I. ornithorhynchi specimens 
collected from a sick sub-adult platypus from Nerum Creek, QLD, 16 (53.3%) were 
positive for Ehrlichia; fifteen were engorged females (15/28 females), and one was an 
engorged nymph (1/2 nymphs). Unfortunately, blood samples from this animal were 
unavailable for analysis. Of the 27 platypus blood samples collected from the Inglis 
River, TAS, three (11%) were positive for Ehrlichia. Of the 42 I. ornithorhynchi 
specimens collected from 19 platypuses from the Inglis River, TAS, 13 ticks (31%) from 
seven animals were positive for Ehrlichia, including three engorged females from three 
hosts, seven engorged nymphs from three hosts, and three larvae from one host. Both 
blood and tick samples from two platypuses (#70 and #87 in Table S4.3) were positive 
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for Ehrlichia, and in two corresponding blood and tick samples from the same animals 
(#76 and #104 in Table S4.3), I. ornithorhynchi were positive, while the corresponding 
blood samples from the animal were negative. 
 
TABLE 4.2. Relative abundance of bacterial genera identified in ten female Ixodes 
ornithorhynchi ticks (F1-F10) from next-generation sequencing 16S rRNA 
metabarcoding. 
 F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 
Phylum: Actinobacteria 
Actinomyces 2.1          
Corynebacterium 23.1   22.6 12.2    34.5 0.1 
Agromyces          0.2 
Leucobacter        6.3   
Kocuria     11.3      
Micrococcus 4.2     0.1 0.2    
Mycobacterium  39.5      3.4  0.2 
Propionibacterium 5.9  23.8 0.9 53.4  1.0  24.5  
Phylum: Firmicutes 
Bacillus 1.0     0.5 0.5  35.0 0.8 
Lactobacillus 13.1          
Phylum: Proteobacteria, Class: Alphaproteobacteria 
Ehrlichia 47.8  70.7 73.3  99.4 97.7 89.3  98.3 
Novosphingobium 2.8 5.3     0.6    
Phylum: Proteobacteria, Class: Betaproteobacteria 
Delftia  28.9  0.0 6.1   0.8 6.0 0.5 
Rhodoferax    3.2       
Variovorax     17.0      
Phylum: Proteobacteria, Class: Gammaproteobacteria 
Stenotrophomonas  26.3 5.5     0.3   
 
Of the five PCR assays used to detect Ehrlichia, the short 234F/404R 16S assay produced 
the most positive results, however the 131 bp Ehrlichia sp. 16S sequence generated by 
this assay was not long enough for accurate phylogenetic comparisons. The additional 
two 16S PCR assays with primers 3EH/RP2 and A17a/RP2, respectively, produced much 
longer Ehrlichia 16S sequences (957 bp and 1,343 bp, respectively), however mixed 
sequence chromatograms or non-specific amplifications were observed in 6/31 and 9/31 
positive samples, respectively. Overall, at least two of the three 16S assays were positive 
for each of the Ehrlichia-positive samples (Table S4.2). The groEL PCR assay produced 
1,074 bp Ehrlichia groEL sequences in 19/31 of the positive samples, however was 
unable to amplify 12 known positive samples (Table S4.3). Likewise, the gltA PCR assay 
produced 1,048 bp Ehrlichia gltA sequences in 27/31 of positive samples, but failed to 
amplify four known positive I. ornithorhynchi samples (Table S4.3). Overall, each 
Ehrlichia-positive sample had positive sequencing results for at least three of the five 
PCR assays performed (Table S4.3). 
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4.4.3 Microscopy 
Stained blood smears from Ehrlichia PCR-positive and negative samples were examined 
for morphological evidence of Ehrlichia organisms. Round to oval intracellular inclusions 
consistent with previously described Ehrlichia morulae were observed in neutrophils of 
PCR-positive samples (Fig. 4.1), but not in other cell types, nor in blood films from 
platypuses that were PCR negative for Ehrlichia DNA. Suspected Ehrlichia-like morulae 
measured 0.82 -1.88 μm (mean 1.43 μm) in diameter, which is consistent with previously 
described Ehrlichia morulae (0.2 -2 μm) (Ismail et al., 2010). At the highest 
magnification, some inclusions appeared to comprise an aggregation of smaller coccoid 
structures (Fig. 4.1). In addition to suspected morulae, other intracytoplasmic inclusions 
considered to be Döhle bodies (Fig. 4.1), were also observed in both Ehrlichia-positive 
and negative samples. These structures were consistently smaller, more peripheral in 
location within the cytoplasm of the neutrophils, and more homogeneous than the 
suspected morulae.  
FIGURE 4.1. Light micrograph of Modified Wrights stained platypus (Ornithorhynchus 
anatinus) blood film with Ehrlichia-like intracellular inclusions (morulae) (arrows) in 
neutrophils. Original magnification  x 1000. 
 
4.4.4 Platypus Ehrlichia sp. phylogenetic analysis 
All Ehrlichia 16S sequences from all positive samples were identical along their 
homologous regions. Two slightly different Ehrlichia groEL and gltA gene variants 
(99.9% and 99.6% identity, respectively) were generated in the present study. The two 
Ehrlichia groEL sequence variants differed by only a single synonymous SNP at 
nucleotide position 440 (along sequence MF069155). The Ehrlichia gltA sequence 
variants differed at four SNPs at nucleotide positions 96, 653, 690, and 759 (along 
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sequence MF069156). The gltA SNP occurring at nucleotide position 653 was a non-
synonymous transition (A/G), changing the encoded amino acid from glycine to glutamic 
acid; all other SNPs on the gltA sequence were synonymous. There was no clear 
geographical grouping of groEL or gltA gene variants, with both variants found in both 
QLD and TAS samples. 
 
Ehrlichia 16S, groEL, and gltA sequence generated in the present study were all most 
similar (98.5%, 90.7%, 84.5%, respectively) to corresponding gene sequences from the 
recently described species ‘Can. Ehrlichia khabarensis’ from far eastern Russia 
(GenBank: KR063138, KR063139, KR163140, respectively) (Tables S4.4-4.6). 
Interestingly, at the 16S, gltA, and groEL loci, the platypus Ehrlichia sp. was more 
divergent to the only other indigenous Australian Ehrlichia sp. ‘Can. Ehrlichia 
occidentalis’ (98%, 78.6%, 88.8% identity, respectively), than to species that do not occur 
in Australia such as ‘Can. Ehrlichia shimanensis’ (16S: 98.4% identity, groEL: 89.9% 
identity), E. chaffeensis (98.2%, 80.3%, 89.3% identity, respectively), and E. ewingii 
(98.1%, 81.1%, 89.1% identity, respectively) (Tables S4.4-4.6). 
 
Phylogenetic reconstructions based on 16S, gltA, and groEL gene sequences also grouped 
the platypus Ehrlichia with ‘Can. Ehrlichia khabarensis’ with high statistical support (> 
0.82 posterior probability), and showed that although these two Ehrlichia spp. are closely 
related, the platypus Ehrlichia is clearly distinct from ‘Can. Ehrlichia khabarensis’, and 
all other Ehrlichia spp. (Figs. 4.2-4.4). Phylogenies based on 16S and gltA sequences 
placed the platypus Ehrlichia and ‘Can. Ehrlichia khabarensis’ clade as the most basal 
members of the Ehrlichia genus (Figs. 4.2-4.4), however the groEL phylogeny placed the 
Ehrlichia sp. from the present study and ‘Can. Ehrlichia khabarensis’ within the core 
Ehrlichia clade, with E. ruminantium as the most basal member. This difference between 
16S and gltA trees and groEL trees is consistent with other studies utilising these loci 
(Gofton et al., 2017). Phylogenetic analysis at all loci also positioned the platypus 
Ehrlichia in a different clade from ‘Can. Ehrlichia occidentalis’ the only other indigenous 
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FIGURE 4.2. Bayesian phylogenetic reconstruction of ‘Can. Ehrlichia ornithorhynchi’ 
partial (1,343 bp) 16S rRNA gene sequences with K2P substitution model.  indicates 
the sequences from this study. All posterior probabilities are > 0.9 except where 
indicated. GenBank accessions are shown in parenthesis. Scale bar indicates the number 












FIGURE 4.3. Bayesian phylogenetic reconstruction of ‘Can. Ehrlichia ornithorhynchi’ 
partial (1,004 bp) gltA gene sequences with HKY85 substitution model.  indicates the 
sequences from this study. All posterior probabilities are > 0.9 except where indicated. 
GenBank accessions are shown in parenthesis. Scale bar indicates the number of 
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FIGURE 4.4. Bayesian phylogenetic reconstruction of ‘Can. Ehrlichia ornithorhynchi’ 
partial (1,074 bp) groEL gene sequences with GTR substitution model.  indicates the 
sequences from this study. All posterior probabilities are > 0.9 except where indicated. 
GenBank accessions are shown in parenthesis. Scale bar indicates the number of 
substitutions per nucleotide position. 
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The level of similarity exhibited between the platypus Ehrlichia 16S, gltA, and groEL 
sequences and corresponding sequences from other Ehrlichia spp. is below the maximum 
similarity that differentiates all other Ehrlichia spp., at these loci (99.1%, 97.2%, and 
94.1%, respectively) (Tables S4.4-4.6), indicating that sufficient genetic divergence exists 
to delineate the platypus Ehrlichia as a new and distinct Ehrlichia species. The 
phylogenetic reconstructions presented here also support this new classification. Based on 
these finding we propose to designate this species ‘Can. Ehrlichia ornithorhynchi’, due to 
its discovery in the platypus (Ornithorhynchus anatinus) and I. ornithorhynchi ticks. For 




‘Candidatus Ehrlichia ornithorhynchi’ is only the second Ehrlichia sp. discovered on the 
Australian continent, after ‘Can. Ehrlichia occidentalis’ was recently detected in Am. t. 
triguttatum ticks (Gofton et al., 2017). Interestingly, in the phylogenetic analyses 
presented here, ‘Can. Ehrlichia ornithorhynchi’ was positioned in a different clade to 
‘Can. Ehrlichia occidentalis’ and instead grouped with ‘Can. Ehrlichia khabarensis’ from 
far eastern Russia, while ‘Can. Ehrlichia occidentalis’ grouped with E. ruminantium from 
Africa and the Panola Mtn. Ehrlichia sp. from North America. The presence of two 
phylogenetically diverse indigenous Ehrlichia spp. in Australia aligns with the pattern of 
Rickettsiales evolution observed in the rest of the world, whereby divergent species often 
have overlapping distributions and hosts (Merhej & Raoult, 2011; Kang et al., 2014). This 
also suggests that Ehrlichia spp. were not recently introduced to Australia, like several 
Anaplasma spp. have been, but have co-evolved with native wildlife and ticks. 
 
The neutrophilic inclusions observed in PCR-positive samples had morphological 
characteristics suggesting a cluster of coccoid bodies (Fig. 4.1), which we hypothesise to 
be Ehrlichia morulae. In addition to these structures, other intracytoplasmic inclusions 
considered to be Döhle bodies (Fig. 4.1), were also observed frequently in PCR-positive 
and negative samples, which is consistent with previous haematological observations in 
other wild-caught platypuses (Canfield & Whittington, 1983). However, analyses with 
more specific techniques such as fluorescent in situ hybridisation is required to confirm 
the identity of Ehrlichia-like morulae in platypus neutrophils. 
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Next-generation sequencing identified novel Ehrlichia sequences in high abundance in 
engorged I. ornithorhynchi tick removed from a sub-adult platypus. Here, the abundance 
of Ehrlichia sequences in positive samples was very high compared to other studies 
utilising similar technologies on tick samples (Vayssier-Taussat et al., 2013; Gofton et al., 
2015). This may be due to the ticks being engorged with a blood meal, which may have 
been bacteraemic, or that feeding stimulated increased replication and proliferation of 
Ehrlichia within the tick in order to promote transmission (Palmer et al., 2000; Kocan et 
al., 2002). 
 
Although serious infectious diseases in wild platypuses are uncommon (Booth & 
Connelly, 2008), platypuses are known to host several vector-borne parasites including 
Theileria ornithorhynchi and Trypanosoma binneyi, both of which infect platypuses 
exclusively as their mammalian host. There is sparse evidence that these infections cause 
significant disease in wild platypuses (Macgregor et al., 2017), however, some clinical 
cases have been documented (Kessell et al., 2014), and T. ornithorhynchi and Tr. binneyi 
infections are highly prevalent in most platypus populations (McMillian & Bancroft, 
1974; Collins et al., 1986). Indeed, 100% of the blood samples analysed in the present 
study were known to be co-infected with both T. ornithorhynchi and Tr. binneyi (Paparini 
et al., 2014; Paparini et al., 2015).  In the present study some I. ornithorhynchi samples 
were collected from a thin and weak sub-adult platypus that was admitted to the AZWH. 
This animal died after approximately 3 days of veterinary care, and necropsy finding 
were severe intussusception of the large intestine with haemorrhage; no clinical signs of 
ehrlichiosis were found (A. Gillett, 2017, pers. comm.). There is to date no evidence of 
pathogenic ehrlichiosis in wild platypuses, and we suggest that, as with T. ornithorhynchi 
and Tr. binneyi, ‘Can. Ehrlichia ornithorhynchi’-infection is subclinical in platypuses. 
 
Worldwide Ehrlichia spp. are vectored between mammalian hosts by ticks, and the 
present data implicates I. ornithorhynchi as the vector of ‘Can. Ehrlichia ornithorhynchi’ 
between platypuses. From two platypuses, ‘Can. Ehrlichia ornithorhynchi’ was identified 
in both corresponding blood and I. ornithorhynchi samples from the sample animals, and 
in two additional animals ‘Can. Ehrlichia ornithorhynchi’ was identified from I. 
ornithorhynchi ticks but not from the platypus blood samples. Although transmission 
experiments would be needed to confirm I. ornithorhynchi as a vector of ‘Can. Ehrlichia 
ornithorhynchi’, the exclusive nature of the I. ornithorhynchi-platypus relationship, and 
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the fact that other tick species seldom bite platypuses (Roberts, 1970), makes the 
involvement of other vectors unlikely. 
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4.7 SUPPLEMENTARY MATERIALS 
TABLE S4.3. Results from the five pan-Ehrlichia PCR assays on I. ornithorhynichi and 
platypus blood samples. Sanger sequencing confirmed all positive results. Empty fields 
indicate negative results. 











PI419-IO-F1 QLD Tick Female Positive Positive   Positive 
PI419-IO-F2 QLD Tick Female      
PI419-IO-F3 QLD Tick Female Positive  Positive Positive Positive 
PI419-IO-F4 QLD Tick Female      
PI419-IO-F5 QLD Tick Female      
PI419-IO-F6 QLD Tick Female Positive Positive Positive Positive Positive 
PI419-IO-F7 QLD Tick Female Positive Positive Positive  Positive 
PI419-IO-F8 QLD Tick Female Positive  Positive  Positive 
PI419-IO-F9 QLD Tick Female      
PI419-IO-F10 QLD Tick Female Positive Positive Positive Positive Positive 
PI419-IO-F11 QLD Tick Female Positive Positive Positive Positive Positive 
PI419-IO-F12 QLD Tick Female Positive Positive Positive Positive Positive 
PI419-IO-F13 QLD Tick Female Positive Positive  Positive Positive 
PI419-IO-F14 QLD Tick Female      
PI419-IO-F15 QLD Tick Female      
PI419-IO-F16 QLD Tick Female Positive Positive    
PI419-IO-F17 QLD Tick Female Positive Positive Positive  Positive 
PI419-IO-F18 QLD Tick Female      
PI419-IO-F19 QLD Tick Female      
PI419-IO-F20 QLD Tick Female Positive Positive Positive  Positive 
PI419-IO-F21 QLD Tick Female      
PI419-IO-F22 QLD Tick Female      
PI419-IO-F23 QLD Tick Female Positive Positive  Positive Positive 
PI419-IO-F24 QLD Tick Female      
PI419-IO-F25 QLD Tick Female Positive Positive Positive Positive  
PI419-IO-F26 QLD Tick Female      
PI419-IO-F27 QLD Tick Female      
PI419-IO-F28 QLD Tick Female Positive  Positive Positive Positive 
PI419-IO-N1 QLD Tick Female Positive   Positive Positive 
PI419-IO-N2 QLD Tick Female      
PT11-F TAS Tick Female      
PT20-F TAS Tick Female      
PT24-F1 TAS Tick Female      
PT24-F2 TAS Tick Female Positive Positive Positive Positive  
PT34-F1 TAS Tick Female      
PT34-F2 TAS Tick Female      
PT38-F1 TAS Tick Female      
PT49-N1 TAS Tick Nymph      
PT49-N2 TAS Tick Nymph      
PT50-N1 TAS Tick Nymph Positive Positive Positive  Positive 
PT50-N2 TAS Tick Nymph      
PT50-N3 TAS Tick Nymph Positive Positive  Positive Positive 
PT50-N4 TAS Tick Nymph      
PT52-F1 TAS Tick Female      
PT54-L1 TAS Tick Larvae Positive Positive   Positive 
PT54-L2 TAS Tick Larvae Positive Positive Positive  Positive 
PT54-L3 TAS Tick Larvae      
PT54-L4 TAS Tick Larvae Positive  Positive  Positive 
PT54-N1 TAS Tick Nymph      
PT55-N1 TAS Tick Nymph      
PT55-N2 TAS Tick Nymph      
PT55-N3 TAS Tick Nymph      
PT70-N1 TAS Tick Nymph Positive  Positive Positive Positive 
PT70-N2 TAS Tick Nymph Positive Positive Positive  Positive 
PT72-N1 TAS Tick Nymph      
PT76-F1 TAS Tick Female      
PT76-F2 TAS Tick Female Positive Positive  Positive  
PT76-N1 TAS Tick Nymph      
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PT76-N2 TAS Tick Nymph      
PT81-N1 TAS Tick Nymph      
PT81-N2 TAS Tick Nymph      
PT87-N1 TAS Tick Nymph Positive Positive Positive Positive Positive 
PT87-N2 TAS Tick Nymph Positive Positive Positive Positive Positive 
PT87-N3 TAS Tick Nymph Positive Positive Positive  Positive 
PT91-N1 TAS Tick Nymph      
PT91-N2 TAS Tick Nymph      
PT91-N3 TAS Tick Nymph      
PT104-F1 TAS Tick Female Positive Positive Positive Positive  
PT104-F2 TAS Tick Female      
PT104-F3 TAS Tick Female      
PT104-F4 TAS Tick Female      
PT104-N TAS Tick Nymph      
PB9 TAS Blood N/A      
PB52 TAS Blood N/A      
PB70 TAS Blood N/A Positive Positive Positive Positive Positive 
PB72 TAS Blood N/A      
PB73 TAS Blood N/A Positive Positive  Positive Positive 
PB74 TAS Blood N/A      
PB75 TAS Blood N/A      
PB76 TAS Blood N/A      
PB77 TAS Blood N/A      
PB78 TAS Blood N/A      
PB79 TAS Blood N/A      
PB80 TAS Blood N/A      
PB81 TAS Blood N/A      
PB82 TAS Blood N/A      
PB84 TAS Blood N/A      
PB85 TAS Blood N/A      
PB87 TAS Blood N/A Positive Positive Positive Positive Positive 
PB88 TAS Blood N/A      
PB89 TAS Blood N/A      
PB90 TAS Blood N/A      
PB91 TAS Blood N/A      
PB93 TAS Blood N/A      
PB94 TAS Blood N/A      
PB95 TAS Blood N/A      
PB96 TAS Blood N/A      
PB97 TAS Blood N/A      
PB104 TAS Blood N/A      
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5.1 ABSTRACT 
Australia, due to its geographic isolation, has few of the rickettsial pathogens found on 
other continents, such as Anaplasma phagocytophilum, Ehrlichia chaffeensis, E. canis, 
and E. ruminantium. For this reason Australia has strictly enforced biosecurity and 
quarantine controls, which includes the routine monitoring of livestock for tick-borne 
pathogens. During a routine post mortem investigation into the death of a Bos indicus 
Brahman weaner in northern Western Australia (WA), a short novel 16S rRNA sequence 
with close homology to E. canis was produced from spleen tissue, however, at the time 
no further taxonomic resolution was possible due to the short length of the sequence. 
Here we report the results of confirmatory testing of these spleen samples performed at 
the Vector and Water-Borne Pathogen Research Laboratory at Murdoch University 
(Perth, WA). Pan-Anaplasmataceae and Ehrlicia-specific PCR assays confirmed the 
presence of Ehrlichia DNA in the spleen tissue, and phylogenetic analysis of Ehrlichia 
16S rRNA (1,126 bp), groEL (1,040 bp), and dsb (362 bp) gene sequences indicated with 
high confidence that the species was E. mineirensis. Ehrlichia mineirensis is a relatively 
recently described species, which has been found naturally infecting cattle and mule deer 
in South America and Canada, where under natural settings it does not cause any clinical 
symptoms. Additionally, a 16S rRNA sequence (955 bp) was also produced which was 
consistent with ‘Candidatus Anaplasma boleense’, and novel Anaplasma species only 
before identified in mosquitoes from China. The animal from which these organism were 
identified here did not have clinical or pathological finding consistent with anaplasmosis 
or ehrlichiosis, and evidence from this case and overseas suggests that E. mineirensis is 
not a major threat to animal health. Nevertheless, it is unknown what effects these 
organism may have when co-infected with tick-borne cattle fever agents such as A. 
marginale, and screening for these novel organisms should be included in future 
epidemiological studies on cattle and Rhipicephalus australis (microplus) ticks in 
Australia to help us understand its endemicity and potential interactions with related 
pathogens. 
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5.2 INTRODUCTION 
Members of the rickettsial genera Anaplasma and Ehrlichia are obligate intracellular tick-
borne bacteria that are associated with a wide variety of hosts, and although infections are 
mainly asymptomatic in their natural reservoir hosts, they can cause disease in incidental 
hosts such as domestic and companion animals, and humans. Australia, due to its 
geographic isolation has a unique endemic vertebrate and tick fauna, and also a unique 
endemic rickettsial diversity, with a wide diversity of novel Anaplasma, Ehrlichia, and 
Neoehrlichia species and genotypes being frequently discovered (Gofton et al., 2015; 
Gofton et al., 2016; Gofton et al., 2017; Gofton et al., 2018). However, to date none of 
these newly recognised species have been associated with human or animal disease. 
 
However, several pathogenic Rickettsiales such as A. margainale and A. platys have been 
introduced to Australia via the importation of infected hosts (cattle and dogs, 
respectively), and their associated ticks Rhipicephalus australis (microplus), and R. 
sanguineus, respectively (Angus, 1996; Barker & Walker, 2014). Anaplasma marginale 
as well as the introduced protozoan pathogens Babesia bovis, B. bigemian, and Theileria 
orientalis are agents of tick-borne cattle fever in tropical and subtropical Australia, and 
together have a significant impact on the health and economic productivity of the 
Australian cattle herd (Jonsson et al., 2008). For this reason Australia enforces strict 
biosecurity controls, especially on bovines, including significant restrictions and 
quarantine conditions on live cattle imports, restrictions on cattle movement from tick-
infested to non-infested areas, chemical and physical tick control measures, and 
obligatory monitoring and reporting on confirmed and suspected infections. 
 
During an investigation into the unexplained deaths of Bos indicus Brahman weaner 
calves at an undisclosed rural property in northern Western Australia (WA), spleen 
samples from one of the calves obtained during post-mortem investigation were screened 
for A. marginale infection by scientists at the Department of Agriculture and Food, WA 
(DAFWA) (Hair, 2016, pers. comm.). Using an Anaplasma genus-specific PCR assay, a 
partial (222 bp) 16S rRNA (16S) sequence was produced, which had 98.6% homology 
with E. canis 16S sequences, as well as high homology to other Ehrlichia species (Hair, 
2016, pers. comm.). Accurate taxonomic identification by DAFWA was not possible due 
to the short length of the sequence. Samples were also sent to the Australian Animal 
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Health Laboratories (AAHL), Geelong, Victoria, however shotgun sequencing at that 
facility was unable to confirm the initial finding, most likely due to low bacterial numbers 
and the high level of host DNA found in spleen tissue (Forshaw, 2016). Subsequently, 
with permission of the acting Chief Veterinary Officer of WA, spleen samples were sent 
to the Vector and Water-Borne Pathogens Research Laboratory at Murdoch University 
(Perth, WA), for confirmatory testing. Here we report the results of our molecular 
investigations of the spleen samples from one B. indicus weaner calf, which detected two 
Rickettsial species for the first time in Australia. 
5.3 MATERIALS & METHODS 
5.3.1 Bos indicus spleen sampling 
At necropsy, three biopsies were taken from the weaner’s spleen, homogenised separately 
and frozen at -80°C. Spleen biopsy homogenates were transported frozen to Murdoch 
University and from each biopsy, eight ~10 mg subsamples were taken for DNA 
extraction. DNA extractions (n=24) were performed with the DNeasy Blood and Tissue 
Kit (QIAGEN, Germany), following the manufacturer’s recommendations, with 
extraction control blanks (n=3) included along-side experimental samples. DNA samples 
were tested for purity using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher 
Scientific), with all samples having sufficient purity (260:280 > 1.7, 260:230 >1.9) to 
continue with PCR testing. 
 
5.3.2 Anaplasmataceae-specific PCR and sequencing 
Spleen subsamples were screened with pan-Anaplasmataceae PCRs targeting partial 
regions of the 16S and groEL genes, as well a more specific PCR targeting the disulfide 
oxidoreductase (dsb) gene of E. canis and its close relatives (Table 5.1). All PCRs were 
performed in 25 μl volumes containing PCR buffer (KAPA Biosystems, South Africa), 
2.5 mM MgCl2, 1 mM dNTPs, 400 nM of each primer, and 0.5 U KAPA Taq DNA 
polymerase (KAPA Biosystems, South Africa). Primary PCRs used 2 μl of genomic 
DNA as template, and nested PCRs used 1 μl of primary product as a template. No-
template controls and extraction reagent blank controls were included in all PCR assays. 
All PCRs were performed with an initial denaturation at 95°C for 3 mins, followed by the 
thermal cycling conditions shown in Table 5.1, followed by a final extension period of 5 
mins at 72°C. 
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Resulting PCR products were electrophoresed through 1-2% agarose gels stained with 
SYBR safe (Invitrogen, USA), and amplicons were excised from the gels and purified 
from the agarose by centrifuging through a 200 μl filter pipet tip and collecting the eluate 
in a 1.5 ml microtube (Yang et al., 2013). Purified amplicons were sequenced in both 
directions using forward and reverse PCR primers on an ABI 3730 96 DNA Analyser 
using the Big Dye v3.1 terminator kit (Life Technologies, USA). All unique sequences 
generated in the present study have been deposited in GenBank (Benson et al., 2005) 
under accessions MH500004-7. 
 
TABLE 5.1. PCR primer sequences and thermal cycling conditions used to detect 
Ehrlichia and Anaplasma spp. in cattle spleen samples. 






1.a. Anaplasmataceae 16S primary 
EC9 TACCTTGTTACGACTT 95°C 30s, 48°C 1min,  (Anderson et al., 1991) 
EC12A TGATCCTGGCTCAGAACGAACG 72°C 2min x 35 1,400 (Paddock et al., 1997) 
1.b. Anaplasmataceae 16S nested 
Ehr-234F CCAAGGCAATGATCTATAGC 95°C 30s, 54°C 1min,  (Gofton et al., 2017) 
IS58-1345R CACCAGCTTCGAGTTAAACC 72°C 2min x 35 1,057 (Kawahara et al., 2004) 
2. Anaplasmataceae 16S 
3EH AATAGGGAAGATAATGACGGTA
CCTATA 
95°C 30s, 54°C 1min,  (Loftis et al., 2006) 
RP2 ACGGCTACCTTGTTACGACTT 72°C 90s x 35 957 (Weisburg et al., 1991) 
3.a. Anaplasmataceae groEL primary 
HS1-F CGTCAGTGGGCTGGTAATGAA 95°C 30s, 58°C 1min,  (Rar et al., 2010) 
HS6-R CCWCCWGGTCWACACCTTC 72°C 1min x 35 1,300 (Rar et al., 2010) 
3.b. Anaplasmataceae groEL nested 
groEL-fwd3 TGGCAAATGTAGTTGTAACAGG 95°C 30s, 54°C 1min,  (Gofton et al., 2016) 
groEL-rev2 GCCGACTTTTAGTACAGCAA 72°C 2min x 35 1,100 (Gofton et al., 2016) 
4. Ehrlichia dsb 
330F GATGATGTCTGAAGATATGAAAC
AAA 
95°C 30s, 58°C 30s,  (Widmer et al., 2011) 
728R CTGCTCGTCTATTTTACTTCTTAA
AGT 
72°C 30s x 35 364 (Widmer et al., 2011) 
 
5.3.3 Phylogenetic analysis 
Resulting 16S, groEL, and dsb nucleotide sequences from the spleen sample were aligned 
using MAFFT (Katoh et al., 2002), with sequences from previously described Anaplasma 
and Ehrlichia species retrieved from GenBank. Alignments were trimmed to remove 
terminal gaps, refined with MUSCLE (Edgar, 2004), and the best nucleotide substitution 
model for phylogenetic analyses was statistically selected with jModelTest2 (Guindon & 
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Gascuel, 2003; Darriba et al., 2012). Bayesian phylogentic reconstructions were then 
performed with MrBayes, with an MCMC length of 1,100,000, burn-in of 10,000, and 
subsampling every 200 iterations. 
 
5.4 RESULTS 
5.4.1 Detection of Ehrlichia and Anaplasma in spleen subsamples 
Pan-Anaplasmataceae and Ehrlichia-specific PCR assays confirmed the presence of 
Ehrlichia DNA in 6/24 (25%) of the spleen subsamples, and additionally detected 
Anaplasma 16S DNA in 1/24 (4.2%) subsamples (Table 5.2). The pan-Anaplasmataceae 
16S and groEL nested PCR assays (assays 1 and 3 in Table 5.2) were the least sensitive in 
detecting Anaplasma or Ehrlichia, however, resulted in the longest PCR products (1,057 
bp and 1,049 bp, respectively). Conversely, the single-round PCR assays targeting the 
16S and dsb genes proved more sensitive in detecting Anaplasma and Ehrlichia (Table 
5.2), but amplified shorter sequences (957 bp and 362 bp, respectively). No amplification 
was observed in no-template or extraction blank controls. 
  
TABLE 5.2. Results of PCR screening for Anaplasma and Ehrlichia in spleen subsamples. 













4. Ehrlichia dsb 
A 1 - - - - 
2 Ehrlichia Ehrlichia - Ehrlichia 
3 - Ehrlichia - Ehrlichia 
4 - Ehrlichia - Ehrlichia 
5 - - - - 
6 - - - - 
7 - - - - 
8 - - - - 
B 1 - - - - 
2 - Anaplasma - - 
3 - - - - 
4 - - - - 
5 Ehrlichia Ehrlichia Ehrlichia Ehrlichia 
6 - - - - 
7 - - - - 
8 Ehrlichia Ehrlichia Ehrlichia Ehrlichia 
C 1 - - - - 
2 - - - - 
3 - - - - 
4 - - - Ehrlichia 
5 - - - - 
6 - - - - 
7 - - - - 
8 - - - - 
 CHAPTER 5 | PAGE 126 
5.4.2 Phylogenetic analysis 
For each assay, all Ehrlichia 16S, groEL, and dsb sequences were identical among 
subsamples. Ehrlichia 16S sequences from subsamples A2, B5, and B8 obtained from the 
two pan-Anaplasmataceae 16S assays were identical over their overlapping regions and 
were merged to form a 1,126 bp consensus sequence (GenBank: MH500005), which was 
used for phylogenetic analysis.  Bayesian phylogenetic reconstructions of 16S, groEL, 
and dsb sequence all clustered the Ehrlichia sp. from the present study within the recently 
described E. mineirensis clade (Fig. 5.1-5.3), which includes strains isolated from cattle 
and R. microplus in South America (Cabezas-Cruz et al., 2012; Miranda & Mattar, 2015), 
and cattle and mule deer in Canada (Gajadhar et al., 2010; Lobanov et al., 2012). 
Unfortunately, the groEL and dsb loci have not been sequenced from any Canadian E. 
mineirensis isolates and so could not be included in those analyses. 
 
The 16S sequences obtained during the present study (hereafter referred to as E. 
mineirensis genotype E-2650) were identical to two Canadian E. mineirensis isolates 
(GenBank: HM486684-5) and were 99.9-99.5% similar to other E. mineirensis isolates, 
with the least similarity (99.5%) to a Brazilian E. mineirensis (isolate UGMG-EV) 
(GenBank: JX629805) (Table S5.3). At the groEL locus, only one other E. mineirensis 
sequence (isolate UFMG-EV; GenBank: JX629806) was available for comparison and 
was 99.5% similar to E. mineirensis genotype E-2650 from the present study (GenBank: 
MH500006). However, their phylogenetic grouping was supported with high statistical 
support (>0.9), and all other Ehrlichia species were < 97.1% similar to E. mineirensis 
genotype E-2650 (Table S5.4). At the shorter dsb locus, E. mineirensis genotype E-2650 
(GenBank: MH500007) were identical to isolates UFMT (GenBank: KF621012) and 
UFMT-BV (GenBank: KT970783), 99.7% similar to isolate UFMG-EV (GenBank: 
JX629808), and less than 94.5% similar to any other Ehrlichia species (Table S5.5) 
 
Phylogenetic analysis of the Anaplasma 16S sequence (GenBank: MH500004) obtained 
from one of the spleen subsamples indicated that it is likely from a novel genotype of the 
recently described ‘Candidatus (Can.) Anaplasma boleense’ which was identified 
recently in Chinese mosquitoes (Fig. 5.4). The Australian Anaplasma 16S sequence 
(hereafter referred to as ‘Can. Anaplasma boleense’ genotype A-2650) clustered with 
high statistical support within a monophyletic clade with ‘Can. Anaplasma boleense’ but 
was positioned as an out-group to the Chinese ‘Can. Anaplasma boleense’ sequences  




FIGURE 5.1. Bayesian phylogenetic reconstruction of E. mineirensis genotype E-2650 
partial (1,126 bp) 16S rRNA sequence with the HKY85 substation model.  indicates 
the sequences from this study. All posterior probabilities are > 0.9 except where 
indicated. GenBank accessions are shown in parenthesis. Scale bar indicates the number 
of substitutions per nucleotide position. 
  









FIGURE 5.2 Bayesian phylogenetic reconstruction of E. mineirensis genotype E-2650 
partial (1,040 bp) groEL sequence with the HKY85 substation model.  indicates the 
sequences from this study. All posterior probabilities are > 0.9 except where indicated. 
GenBank accessions are shown in parenthesis. Scale bar indicates the number of 
substitutions per nucleotide position. 
  







FIGURE 5.3. Bayesian phylogenetic reconstruction of E. mineirensis genotype E-2650 
partial (362 bp) dsb sequence with the HKY85 substation model.  indicates the 
sequences from this study. All posterior probabilities are > 0.9 except where indicated. 
GenBank accessions are shown in parenthesis. Scale bar indicates the number of 
substitutions per nucleotide position. 
  





FIGURE 5.4. Bayesian phylogenetic reconstruction of ‘Can. Anaplasma boleense’ 
genotype A-2650 partial (955 bp) 16S rRNA sequence with the GTR substation model. 
 indicates the sequences from this study. All posterior probabilities are > 0.9 except 
where indicated. GenBank accessions are shown in parenthesis. Scale bar indicates the 
number of substitutions per nucleotide position. 
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(GenBank: KU585969, KU586041, KU586180) (Fig. 5.4). Nevertheless, the ‘Can. 
Anaplasma boleense’ genotype A-2650 from the present study was 99.6-99.5% similar to 
the Chinese ‘Can. Anaplasma boleense’ sequences, which themselves are 99.7-99.6% 
similar (Table S5.6). At the 16S locus, ‘Can. Anaplasma boleense’ genotype A-2650 was 
also < 98.2% similar to any other Anaplasma species (Table S5.6). 
 
5.5 DISCUSSION 
Here, we detect for the first time in Australia the rickettsial organisms E. mineirensis and 
‘Can. Anaplasma boleense’, from the spleen of a single Bos indicus Brahman weaner calf 
in northern Western Australia. Ehrlichia mineirensis is a recently described rickettsial 
species that is closely related to E. canis (Cabezas-Cruz et al., 2014) and has been 
detected naturally infected cattle, mule deer, and R. microplus ticks in Canada and South 
America (Gajadhar et al., 2010; Lobanov et al., 2012; Cabezas-Cruz et al., 2014; Miranda 
& Mattar, 2015). South American E. mineirensis genotype UFMT-BV has been reported 
to cause clinical ehrlichiosis in experimentally infected splenectomised calves (Aguiar et 
al., 2014), however, in endemic areas in Canada and Brazil, natural infections appear to 
be asymptomatic but persistent, and no reports of naturally acquired clinically significant 
E. mineirensis-infection have been reported from those areas (Gajadhar et al., 2010; 
Lobanov et al., 2012; Cabezas-Cruz et al., 2014).  The cattle tick, R. microplus, is 
considered to be the most likely vector of E. mineirensis, which has been detected in up 
to 17% of moulted R. microplus from endemic areas in Brazil and has also been isolated 
from engorged as well as and unfed moulted specimens (Zweygarth et al., 2013; Aguiar 
et al., 2014; Carvalho et al., 2016). 
 
The cattle tick, Rhipicephalus australis (microplus), a member of the Rh. microplus 
species complex (Burger et al., 2014), was introduced to the Australian continent prior to 
1870 via the importation of cattle from South East Asia, and is now widespread 
throughout northern Australia, eastern Queensland, and north-eastern New South Wales 
(Angus, 1996). In Australia, R. australis-infestations have a significant impact on 
livestock health and economic productivity due to the transmission of blood-borne 
parasites such as A. marginale, A. centrale, Babesia bovis, and B. bigemina. 
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The individual animal reported here from which E. mineirensis was detected did not 
reportedly have clinical signs and pathological findings consistent with ehrlichiosis or 
anaplasmosis (Forshaw, 2016). Currently, ehrlichiosis is not recognised to occur in 
Australian cattle, however the detection of E. mineirensis genotype E-2650 in this single 
animal raises questions about the endemicity of the infection in the Australian cattle herd 
more widely, especially in the light of it being asymptomatic in areas on Canada and 
South America where it has been located, and thus potentially going undetected. It is 
uncertain when E. mineirensis genotype E-2650 was introduced into Australia and 
whether E. mineirensis is enzootic in WA or other R. australis-infested areas of the 
country. Molecular screening of R. australis, healthy cattle, and suspected cases of A. 
marginale-infection (due to potential symptomatic similarities) would be beneficial to 
determine the distribution, prevalence, and potential impacts of E. mineirensis in the 
health of cattle in Australia. 
 
‘Can. Anaplasma boleense’ is also a recently described species, which has previously 
been identified in Hyalomma asiaticum ticks and various mosquitoes species in china, as 
well as various mammalian hosts including domestic and wild bovine (B. taurus Bubalus 
bubalis) and cervids (Rusa timorensis), bats (Kerivoula hardwickii and Rhinolophus 
lepidus), squirrels (Lariscus insignis), and wild boar (Sus scrofa) in Maylasia (Kang et al. 
2014; Guo et al., 2016; Koh et al. 2018). Additionally, closely related Anaplasma 
genotypes have recently been reported in a small percentage of Ethiopian cattle 
(Hailemariam et al. 2017).  Emerging reports such as these indicate that ‘Ca. Anaplasma 
boleense’ likely has a wide distribution throughout central and south-eastern Asia (and 
perhaps elsewhere throughout the tropics), and can infect a variety of domestic and wild 
mammals. This initial detection of ‘Ca. Anaplasma boleense’ in Australia requires 
additional molecular screening of mosquitoes and ticks (R. microplus and others), as well 
as cattle to further understanding the epidemiology and distribution of ‘Can. Anaplasma 
boleense’ in Australia. 
 
Although E. mineirensis and ‘Can. Anaplasma boleense’ have been identified in the 
present study during post-mortem investigation into the death of a Brahman weaner calf, 
there is no clinical or pathological evidence to suggest that these organisms contributed to 
the death of this animal. Rickettsial organisms are a diverse group of intracellular bacteria 
and contain pathogenic, commensal, and symbiotic species, and it is well recognised that 
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many Anaplasma and Ehrlichia species do not cause clinical disease in their reservoir 
hosts, and are only pathogenic when transmitted to a naïve host. Overall, evidence from 
South American and Canadian studies suggest that under natural conditions, E. 
mineirensis is largely asymptomatic in cattle and deer (Gajadhar et al., 2010; Lobanov et 
al., 2012; Cabezas-Cruz et al., 2014; Miranda & Mattar, 2015). However, since R. 
australis is known to transmit three cattle tick-fever agents in Australia (A. marginale, B. 
bovis, and B. bigemina), it is yet to be determined whether E. mineirensis co-infection 
impacts the severity of these tick-fever infections. Molecular screening for E. mineirensis, 
‘Can. Anaplasma boleense’, and novel rickettsial agents should be incorporated into 
future surveillance and epidemiological studies of cattle tick-fever agents in R. australis-
enzootic regions in order be better understand the potential impacts of these novel 
organisms on animal health in Australia. 
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5.7 SUPPLEMENTARY MATERIALS 
 
TABLE S5.3. Genetic similarity matrix of E. mineirensis E-2650 16S rRNA gene sequences (1,126 bp) created with MrBayes with the 
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TABLE S5.6. Genetic similarity matrix of ‘Can. Anaplasma boleense’ A-2650 16S rRNA gene sequences (955 bp) created with MrBayes 
with the HKY85 substitution model. 
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6.1 ABSTRACT 
Borrelia are tick-borne bacteria that in humans are the aetiological agents of Lyme 
borreliosis and relapsing fever. Here we present the first genomes of B. turcica and 
‘Candidatus (Can.) Borrelia tachyglossi, members of a recently described and rapidly 
expanding Borrelia clade associated with reptile (B. turcica) or echidna (‘Can. Borrelia 
tachyglossi’) hosts, transmitted by hard ticks, and of unknown pathogenicity. ‘Candidatus 
Borrelia tachyglossi’ and B. turcica genomes are similar to those of relapsing fever 
Borrelia species, containing a linear ~ 900 kb chromosome, a single long (> 70 kb) linear 
plasmid, and numerous short (< 40 kb) linear and circular plasmids, as well as a suite of 
housekeeping and macronutrient biosynthesis genes which are not found in Lyme 
borreliosis Borrelia. Additionally, both ‘Can. Borrelia tachyglossi’ and B. turcica contain 
paralogous vsp and vlp proteins homologous to those used in the multiphasic antigen-
switching system used by relapsing fever Borrelia to evade vertebrate immune responses, 
although their number is greatly reduced compared to human-infectious species. 
However, ‘Can. Borrelia tachyglossi’ and B. turcica chromosomes also contain numerous 
genes orthologous to Lyme borreliosis Borrelia-specific genes, demonstrating a unique 
evolutionary, and potentially phenotypic link between these groups. ‘Candidatus Borrelia 
tachyglossi’ and B. turcica genomes also have unique genetic features, including 
degraded and deleted tRNA modification genes, and an expanded range of macronutrient 
salvage and biosynthesis genes compared to relapsing fever and Lyme borreliosis 
Borrelia. These genomes and genomic comparisons provide an insight into the biology 
and evolutionary origin of these Borrelia, and provide and a valuable resource for future 
work. 
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6.2 INTRODUCTION 
Borrelia species are vector-borne obligate spirochaete bacteria that include the 
aetiological agents of Lyme borreliosis (LB) and relapsing fever (RF) in humans; two 
infections that have distinct clinical and epidemiological characteristics. Taxonomically, 
LB and RF Borrelia species are genetically similar, yet distinct, and phylogenetic data 
indicate they cluster within separate monophyletic sister lineages that diverged from a 
common ancestor (Ras et al., 1996; Barbour, 2001; Takano et al., 2011). Indeed, it has 
been proposed that LB and RF Borrelia species should be divided into separate genera to 
reflect this divergence (Adeolu & Gupta, 2014), however, the validity of this proposal is 
under debate (Barbour et al., 2017; Margos et al., 2017b). Herein, for clarity, we will 
refer to Borrelia as one unified genus, and distinguish these monophyletic groups as LB 
and RF Borrelia. 
 
Despite phylogenetic divergence between LB and RF Borrelia, the two groups share a 
common set of biological characteristics, such as dependency on arthropod vector (tick or 
louse) transmission, the ability to persist transstadially within their vector, and a reliance 
on their host for the majority of their nutritional requirements. However, LB and RF 
Borrelia differ in other biological aspects, which largely underpin their clinical and 
epidemiological differences. For example, LB species (representative species include; B. 
afzelii, B. burgdorferi sensu stricto (s.s), and B. garinii) are exclusively transmitted by 
hard ticks (Ixodida) in the genus Ixodes (Margos et al., 2011), while RF species have two 
distinct lineages, one that is transmitted by hard ticks (representative species include; B. 
lonestari, B. miyamotoi, and B. theileri) (Barbour et al. 1996; Barbour et al., 2014), and 
one that is primarily transmitted by soft ticks (Argasidae) (representative species include 
B. duttonii, B. hermsii, and B. turicatae) (Barbour, 2005). In addition, one RF species, B. 
recurrentis, is transmitted exclusively by the human body louse Pediculus humanus 
(Scott, 2005).  
 
Besides their different arthropod vectors, LB and RF Borrelia also have different 
phenotypic characteristics at each point in their transmission and infection cycle. Within 
mammalian hosts RF Borrelia attain their highest cell densities in blood, while LB 
Borrelia tend to preferentially infect and sequester within host tissues (Barbour, 2005; 
Barbour et al., 2009). In addition, within their vector arthropods, whether hard or soft 
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ticks, RF Borrelia disseminate quickly from the midgut to the salivary glands after blood 
feeding and moulting, enabling rapid transmission to new hosts in subsequent feeding 
events (Piesman et al., 2001; Takano et al., 2011). In contrast, LB species remain 
restricted to the ticks’ midgut until the onset of feeding, at which time they begin rapid 
replication cycles and disseminate to the salivary glands for transmission (De Silva & 
Fikrig, 1995; Caimano et al., 2016). Transovarial transmission from infected female ticks 
to their progeny is also an important maintenance mechanism for all RF species, 
including those transmitted by hard ticks, however, only occasionally (for some species) 
has this been convincingly demonstrated for LB species (van Duijvendijk et al., 2016). 
 
Recently, several novel Borrelia species have been described that do not align 
phylogenetically with either LB or RF Borrelia clades (Guner et al., 2004; Takano et al., 
2010; Loh et al., 2017; Panetta et al., 2017). This expanding new Borrelia clade currently 
contains two described species, B. turcica, which is associated with Testudo spp. tortoises 
and Hyalomma aegyptium ticks (Guner et al., 2004; Takano et al., 2010), and 
‘Candidatus Borrelia tachyglossi’ (herein B. tachyglossi) identified in Australian 
Bothriocroton concolor and I. holocyclus ticks engorged with echidna (Tachyglossus 
aculeatus) blood (Loh et al., 2016; Loh et al., 2017), and several other genetic variants 
identified in reptiles and their hard ticks (Takano et al., 2010; Panetta et al., 2017). With 
the exception of B. tachyglossi all members of this group are associated with reptile hosts, 
however, noting the ancient evolutionary lineage of monotremes, and their genetic and 
phenotypic similarities to reptiles (Grutzner et al., 2003), it is perhaps not unexpected to 
find a member of this group infecting echidnas. 
 
Phylogenetic reconstructions based on single genes or multiple concatenated gene 
sequences demonstrate that reptile and echidna-associated Borrelia species form an 
independent lineage that shares a common ancestor with RF Borrelia (Takano et al., 
2010; Loh et al., 2017; Panetta et al., 2017). Genetic similarities have also been identified 
between B. turcica and RF species, such as the presence of horizontally acquired purine 
salvage genes within the rRNA operon and the presence of the immunogenic glpQ gene 
within the chromosome (Takano et al., 2010; Loh et al., 2017), all of which are absent 
from LB Borrelia species.  
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However, despite these genetic similarities, phylogenetic analyses and experimental 
infection studies demonstrate there are clear genotypic and phenotypic differences 
between RF Borrelia and reptile and echidna-associated Borrelia. For example, compared 
to RF Borrelia, the rRNA operon of B. turcica contains two additional horizontally 
acquired genes, glvA and glvC, involved in maltose metabolism (Takano et al., 2010). 
Experimental evidence also suggests that Borrelia sp. tAG, a reptile-associated Borrelia 
closely related to B. turcica, remains restricted to the tick midgut after blood-feeding and 
moulting, a characteristic shared by LB Borrelia, but not RF Borrelia, even those 
transmitted by hard ticks such as B. miyamotoi (Takano et al., 2012). 
 
Members of this novel Borrelia clade have now been identified almost worldwide (with 
the exception of North America and Western Europe), yet little is known about their 
biology, ecology, or potential pathogenicity in people or animals. Here for the first time 
we sequenced and describe the genomes of B. tachyglossi and B. turcica and compare 
their genomes to those from LB and RF Borrelia in order to gain insights into their 
biology and evolutionary origins. 
 
6.3 MATERIALS & METHODS 
6.3.1 B. tachyglossi genome sequencing and assembly 
Genomic DNA was isolated from a single B. tachyglossi-infected Bot. concolor female 
removed after engorgement from an echidna host, as previously described (Loh et al., 
2016). Microbial DNA was enriched with the NEBNext Microbiome Enrichment Kit 
(New England Biolabs, USA) according to manufacturer’s recommendations, before 
being fragmented to ~200 bp by incubating at 37°C for 25 mins with dsFragmentase 
(New England Biolabs, USA). Fragmented DNA was then prepared for sequencing with 
the NEBNext Ultra II DNA Library Preparation Kit for Illumina (New England Biolabs, 
USA), according to the manufacturer’s recommendations, and sequenced on an Illumina 
NextSeq High Output flow cell using a 150 cycle (75 nt paired-end reads) V2 kit 
(Illumina, USA). 
 
To remove host and vector (T. aculeatus and Bot. concolor) reads prior to assembly, all 
reads were mapped to the T. aculeatus complete mitochondrial genome (GenBank: 
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AJ303116) and nuclear draft genome scaffolds, the complete Bot. concolor complete 
mitochondrial genome (GenBank: JN863727), and the I. scapularis complete genome 
(GenBank: NZ_ABJB000000000). Mapping was performed with the Geneious Iterative 
Mapper (Kearse et al., 2012) with low sensitivity setting and 25 iterations. Mapping of 
reads to echidna and tick genomes removed 122,027,425 paired-end reads (13.3%) from 
the dataset. Presumably this low percentage is due to genomic divergence between Bot. 
concolor and I. scapularis genomes. The remaining paired-end reads were de novo 
assembled using metaSPAdes v3.11 (Nurk et al., 2017), with error correction performed 
with BayesHammer (Nikolenko et al., 2013), and k-mer sizes of 21, 33, 55, and 73 bp. 
 
Resulting metaSPAdes contigs were binned into Borrelia and non-Borrelia groups by 
aligning to the GenBank nucleotide database with megablast (Boratyn et al., 2013) (Word 
size, 28; Scoring, 1-2; Gap cost, linear), and contigs matching known LB or RF Borrelia 
chromosome or plasmid sequences were extracted using custom scripts. Borrelia 
tachyglossi chromosomal contigs were scaffolded by aligning to each other and to the 
complete chromosomes of B. hermsii DAH (GenBank: CP0000481) and B. burgdorferi 
B31 (GenBank: CP0096561) with BWA (Li & Durbin, 2009). Annotation of protein, 
tRNA, and rRNA coding genes was performed with RAST (Aziz et al., 2008). 
 
6.3.2 B. turcica genome sequencing and assembly 
Borrelia turcica type strain IST7 (German microbial culture collection DSMZ, 
Braunschweig, Germany), was grown under standard conditions in BSK-Y medium. 
Genomic DNA was extracted with a Maxwell 16 LED DNA kit (Promega, Germany), 
and Illumina Nextera XT libraries constructed according to the manufacturer’s 
recommendations (Illumina, San Diego CA, USA) and sequenced on a MiSeq with 
Illumina v2 500 cycle chemistry (250 nt paired-end reads). Pacific Bioscience SMRT 
sequencing was performed at the University of Oslo Genome Sequencing Unit from 10 
µg of purified DNA with a 20 kb library preparation protocol. Libraries were sequenced 
on a Pacific Bioscience RSII using P6-C4 chemistry with 360 minutes movie time. Reads 
were de novo assembled in HGAP v3 (Pacific Biosciences, SMRT Analysis Software 
v2.3.0) using 1.5 kb as putative genome size. Gap closure and error correction of HGAP 
v3 contigs was performed by the mapping of Illumina reads using CLC Genomics 
Workbench (Qiagen, Germany) with settings reported previously (Margos et al., 2017). 
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6.3.3 Phylogenetic analyses  
Core proteome phylogenetic reconstructions of B. tachyglossi and B. turcica were 
produced on PATRIC v3.5.4 (Wattam et al., 2014) using the Phylogenetic Estimation 
with Progressive Refinement (PEPR) (https://github.com/enordber/pepr) workflow 
against 19 representative RF and LB whole genome assemblies. Briefly, this workflow 
involved reciprocal BLAST (Boratyn et al., 2013) searches to find homologous proteins 
between genome pairs, which are then clustered with the Markov Cluster algorithm (Van 
Bongen, 2000). Homologous protein clusters containing members from ≥ 50% of the 
genomes are used as a seed set to build a hidden Markvo Model with hmmbuild (Eddy, 
1998), which is then used by hmmsearch (Eddy, 1998) to search every genome for best 
hits to each homologs protein set model. Homologous protein sets found in < 80% of the 
ingroup genomes are removed from the analysis, and remaining homologous protein sets 
were aligned with MUSCLE (Edgar, 2004), and poorly aligned regions masked with 
Gblocks (Talavera & Castresana, 2007). Concatenated homologous protein alignments 
were used to produce the final tree with FastTree2 and RAxML with 100 jackknifed 
resampling iterations. Phylogenetic analysis of conserved chromosomal genes and 
plasmid regions was performed by aligning sequences with MUSCLE, trimming and 
masking alignment with GBlock, and constructing phylogenies with FastTree2 using the 
GTR nucleotide substitution model. 
 
6.3.4 Nucleotide and protein homology 
All B. tachyglossi and B. turcica chromosomal and plasmid protein sequences were 
compared to GenBank non-redundant protein database with BLASTP (Boratyn et al., 
2013) with default parameters. Homologous proteins were recognised with reciprocal 
BLASTP searches correctly identified counterpart sequences with > 40% query coverage 
and > 50% identity. To identify homologous variable membrane proteins, BLASTP 
percent query coverage parameters were unconstrained to account for the higher amount 
of amino acid sequence variation within this protein family. Chromosomal and plasmid 
synteny and gene architecture was investigated by pairwise and group alignment 
homologous sequences with Mauve (Darling et al., 2010), MUSCLE, and NUCmer v3.1 
(Kurtz et al., 2004). Chromosomal ANI and AAI was calculated with the ANI/AAI 
matrix tool (Goris et al., 2007) using default parameters. Linear B-cell epitopes of flaB 
and glpQ proteins were predicted using Bepipred Linear Epitiope Prediction (Larsen et 
al., 2006). 
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6.3.5 Data availability 
All assembled B. tachyglossi and B. turcica chromosomal and plasmid scaffolds have 




6.4.1 B. tachyglossi 1268-Bc-F10 genome assembly 
Illumina metagenomic sequencing of a single B. tachyglossi-infected Bot. concolor 
female tick produced 633,060,440 75 nt paired-end reads with 91.5% of basecalls > Q30. 
Binning of contigs based on nucleotide homology to all currently available LB and RF 
Borrelia genomes identified three putative Borrelia chromosomal contigs and four 
putative Borrelia plasmid contigs. Chromosomal contigs were successfully scaffolded 
into a single chromosomal scaffold (N50: 794,819; mean depth: 1320.8) that covered > 
99.9% of other Borrelia chromosome assemblies, with two unresolved assembly gaps of 
< 60 bp estimated length.  
 
The assembled B. tachyglossi 1268-Bc-F10 genome is 1,077,147 bp in size (30.8% mean 
GC content) and consists of a 937,305 bp linear chromosome (GenBank: CP025785), 
three putative linear plasmids, lp78 (GenBank: CP025786), lp29 (GenBank: CP025787), 
and lp25 (GenBank: CP025788), and one 6 kb putative circular plasmid, cp6 (GenBank: 
CP025790) (Table 6.1). Due to the well-documented challenges of assembling complete 
Borrelia plasmids from of short-read sequencing data (Margos et al., 2017), the plasmid 
sequences reported here are considered to be only partially complete. The genome 
contains 998 predicted protein-coding genes, of which 152 occur on plasmids, and three 
single copy rRNAs, 33 tRNAs, and one tmRNA, all of which occur on the linear 
chromosome. 
 
6.4.2 B. turcica genome assembly 
The B. turcica genome assembly was a consensus generated from Pacific Bioscience 
SMRT and Illumina MiSeq sequences and produced nine contigs. Pacific Bioscience 
SMRT reads had an average insert length of 5870, a mean coverage of 780x, and mean 
consensus concordance of 99.9 %. Illumina MiSeq sequencing produced 215,986 250 nt 
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paired-end reads, and mapped to PacBio SMRT contigs with an average coverage of 71.9 
and 99.7% consensus identity. Nine contigs were produced; one encompassing the 
complete chromosome, and seven designated as either linear or circular plasmids. Two 
plasmid contigs were scaffolded to produce a consensus 27 kb plasmid contig. 
 
The final B. turcica genome assembly is 1,283,586 bp in size (29.6% GC content) and is 
comprised of a 957,653 bp linear chromosome (GenBank: CP028884), and seven 
plasmids, six linear plasmids lp129, lp35, lp34, lp32-1, lp32-2, and lp27, and one circular 
plasmid cp33 (GenBank: CP028884-91) (Table 6.1). Borrelia turcica has 1,257 predicted 
protein coding genes, of which 383 occur on plasmids, and three single copy ribosomal 
rRNAs, 32 tRNAs, one tmRNA all of which occur on the chromosome. 
 
TABLE 6.1. Summary of Borrelia tachyglossi and Borrelia turcica chromosome and 
plasmid assemblies 




Sequencing type GenBank 
accession 
B. tachyglossi 1268-Bc-F10 
Chromosome 937,305 852 30.8% Complete Illumina CP025785 
Plasmid lp78 78,423 82 31.3% Partial Illumina CP025786 
Plasmid lp29 29,681 38 29.8% Partial Illumina CP025787 
Plasmid lp25 25,277 25 26.4% Partial Illumina CP025788 
Plasmid cp6 6,461 7 26.8% Partial Illumina CP025790 
B. turcica IST7 
Chromosome 957,653 878 29.6% Complete Illumina & PacBio CP028884 
Plasmid lp129 129,143 142 32.0% Complete Illumina & PacBio CP028885 
Plasmid lp35 35,234 40 32.3% Complete Illumina & PacBio CP028886 
Plasmid lp34 34,551 46 30.0% Complete Illumina & PacBio CP028887 
Plasmid cp33 33,967 42 31.0% Complete Illumina & PacBio CP028888 
Plasmid lp32-A 32,782 33 28.4% Complete Illumina & PacBio CP028889 
Plasmid lp32-B 32,353 41 30.0% Complete Illumina & PacBio CP028890 




Phylogenetic analysis based on 884 aligned homologous Borrelia proteins using the 
PEPR pipeline (https://github.com/enordber/pepr) with FastTree2 (Price et al., 2010) (Fig. 
6.1) and RAxML (Stamatakis, 2014), produced trees with identical topologies, and highly 
similar branch lengths and support values. This phylogeny places B. tachyglossi and B. 
turcica within a well-supported monophyletic branch that diverged from a common 
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ancestor with the RF clade (Fig. 6.1). This topology is consistent with multi-gene (16S 
rRNA-flaB-gyrB) phylogenies (Loh et al., 2017), but slightly incongruent with those 
based solely on the 16S rRNA gene, which placed B. tachyglossi and B. turcica on two 
different branches diverging from a common ancestor with the RF clade, with B. turcica 
and other reptile-associated species positioned more basal to RF species than B. 
tachyglossi (Loh et al., 2016; Panetta et al., 2017). Although clustered together in one 
clade, B. tachyglossi and B. turcica were separated by relatively long branch lengths, 
indicating a degree of genetic divergence, which is expected considering the separate 
geographic origins, hosts, and tick vectors of these species.  
 
6.4.4 Chromosome comparisons 
Despite phylogenetically clustering closely together, B. tachyglossi and B. turcica 
chromosomes had a pairwise average nucleotide identity (ANI) of 82.7% and average 
amino acid identity (AAI) of 82.6%, which is significantly lower than ANI and AAI 
measurements from Borrelia species within LB and RF genogroups such as B. duttonii 
and B. crocidurae (ANI 98.8%; AAI 98.8%), and B. garinii and B. bavariensis (ANI 
97.3%; AAI 97.5%) (Tables S6.3-6.4). Nevertheless, alignment of B. tachyglossi and B. 
turcica chromosomes with others from LB and RF Borrelia species demonstrated a high 
degree of nucleotide and amino acid sequence conservation, although greater similarities 
were observed with RF Borrelia species (80-82.2% ANI; 77.4-80.9% AAI), than LB 
Borrelia species (76.3-76.9% ANI; 70.1-70.9% AAI). Despite these differences, B. 
tachyglossi and B. turcica chromosomes were highly syntenic with the chromosomes of 
both LB and RF (Fig. 6.2). Pairwise nucleotide alignments of B. tachyglossi and B. 
turcica chromosomes with those from B. afzelii, B. bavariensis, B. burgdorferi s.s., B. 
duttonii, B. hermsii, and B. turicatae consistently produced alignments with < 6% gaps, 
and reciprocal protein BLAST searches trained to find homologous genes (Qin et al., 
2014), identified that 93.2% and 92.3% of chromosomal genes in B. tachyglossi and B. 
turcica, respectively, were universally conserved among all LB and RF Borrelia 
chromosomes analysed. The only structural rearrangement detected was an 8.5 kb 
inversion at the 5’ end of the B. turcica chromosome comprising six genes, carbamate 
kinase, arginine/ornithine antiporter, ornithine carbamoyl transferase, arginine deiminase, 
and two hypothetical proteins. 
   






FIGURE 6.1. Phylogeny of Borrelia species based on 789 protein homologs constructed 
with the Phylogenetic Estimation with Progressive Refinement workflow and FastTree2 
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6.4.5 Chromosomal gene content 
Despite extensive chromosomal synteny with LB and RF Borrelia species, B. tachyglossi 
and B. turcica contain unique chromosomal genes that are not present in any LB or RF 
species (Table 6.2). Compared to LB and RF chromosomes, four genes have undergone 
complete deletion or degradation in B. tachyglossi, including queA, tgt, and tsaC, and 
trmH; the latter gene was also deleted from the B. turcica chromosome. These genes are 
all involved in queuosine (queA, tgt, tsaC) or guanine (trmH) nucleoside tRNA 
modification in prokaryotes, which directly influence codon usage and translational 
efficiency. Borrelia turcica also has two uniquely deleted genes, a chromosome 
partitioning protein (Smc), which is involved in chromosome condensation and sister 
chromatid cohesion, and a hypothetical protein of unknown function. These missing 
genes are present in both the LB and RF Borrelia clades, indicating these deletions 
occurred after the ‘B. tachyglossi-B. turcica’ lineage diverged from their common 
ancestor with the RF Borrelia clade. 
 
Borrelia tachyglossi and B. turcica chromosomes also contain unique genes that are not 
present in LB or RF Borrelia (Table 6.2), including 10 hypothetical proteins with 
unknown functions, a 5-formyltetrahydrofolate cyclo-ligase gene, purine-nucleoside and 
glycogen phosphorylase genes, and a pair of genes involved in maltose metabolism (6-
phospho-alpha-glucosidase (glvA) and PTS alpha-glucoside transporter subunit IIBC 
(glvC), which are inserted within the rRNA operon (Fig. 6.3). Phylogenetic analyses of 
these genes suggest that their closest genetic relatives are from bacterial species outside 
the phylum Spirochaetae, indicating they were likely acquired through horizontal gene 
transfer after the divergence of the ‘B. tachyglossi-B. turcica’ lineage from its common 
ancestor with RF Borrelia. In addition, B. tachyglossi and B. turcica chromosomes 
contain several unique gene duplications, including duplicated peptide ABC transporter 
substrate-binding protein genes, type III restriction-modification system methylation 
subunit genes, two HAD superfamily hydrolase genes, and a multi antimicrobial 
extrusion protein gene, which also likely evolved after the divergence of the ‘B. 
tachyglossi-B. turcica’ lineage. 
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TABLE 6.2. Unique gene insertions, deletions and duplications in B. tachyglossi and B. 
turcica chromosomes. 




Deletion Queuosine-tRNA biosynthesis, tRNA wobble 
guanine modification 
Queuine tRNA-ribosyltransferase tgt Deletion Queuosine-tRNA biosynthesis, tRNA-guanine 
transglycosylation 
Threonylcarbamoyl-AMP synthase tsaC Psudogene tRNA threonylcarbamoyladenosine 
modification; rRNA maturation 
Hypothetical protein  Deletion N/A 
B. turcica 
Chromosome partitioning protein Smc Deletion Chromosome condensation; sister chromatid 
cohesion 
Hypothetical protein Deletion N/A 
B. tachyglossi and B. turcica 
Hypothetical protein Insertion  
tRNA (guanosine-2'-O-)-methyltransferase trmH Deletion tRNA guanine ribose methylation; tRNA 
processing 
Type III restriction-modification system 
methylation subunit 
Insertion1 Adenine-specific DNA-DNA 
methyltransferase, DNA-mediated 
transposition 
Hypothetical protein Insertion1 N/A 
Hypothetical protein Insertion1 N/A 
Hypothetical protein Insertion N/A 
Hypothetical protein Insertion N/A 
Hypothetical protein Insertion N/A 
6-phospho-alpha-glucosidase glvA Insertion Maltose metabolism 
PTS alpha-glucoside transporter subunit IIBC 
glvc 
Insertion Maltose uptake 
Hypothetical protein Insertion N/A 
HAD superfamily hydrolase Insertion  
Cof-type HAD-IID family hydrolase Duplication  
5-formyltetrahydrofolate cyclo-ligase Insertion Tetrahydrofolate metabolism 
peptide ABC transporter substrate-binding protein Duplication Transmembrane transport 
Multi antimicrobial extrusion protein (Na(+)/drug 
antiporter) 
Duplication1 Antiporter activity 
Hypothetical protein Insertion N/A 
Hypothetical protein Insertion N/A 
Hypothetical protein Insertion N/A 
purine-nucleoside phosphorylase Insertion Purine salvage and metabolism 
Hypothetical protein Duplication N/A 
glycogen phosphorylase Insertion Carbohydrate metabolism 
  




FIGURE 6.2. Dotplot of pairwise maximal nucleotide matches between the aligned 
chromosomes of B. tachyglossi 1268-Bc-F10, B. turcica IST7, B. hermsii DAH, and B. 
burgdorferi B31. Red and blue circles indicate maximal matches on the same strand and 
opposite strand, respectively, and linked dots indicate extended maximal matches. 
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When comparing LB and RF Borrelia chromosomes, there are genes exclusively present 
in only one group or the other. However, when the chromosomes of B. tachyglossi and B. 
turcica are included into these comparisons, it is clear that this lineage contains genes that 
are otherwise specific to the LB and RF lineages. The chromosomes of B. tachyglossi and 
B. turcica contain 28 unique orthologs with RF Borrelia that are absent in LB species 
(Table S6.5). These include genes involved in important cellular functions such as DNA 
replication and repair (RecF, RecN, RecR, DinG-type ATP-dependent helicase), 
glycerophospholipid metabolism (glpT and glpQ), copper homeostasis (CutC) and 
transcriptional regulation (anti-sigma factor antagonist protein). Additionally, B. 
tachyglossi and B. turcica both retain a conserved RF-like gene architecture of the rRNA 
operon, with only one copy each of the 23S rRNA and 5S rRNA genes (duplicated in LB 
Borrelia), and a horizontally acquired set of three purine salvaging pathway genes (purA, 
purB, and htp) that intersect the 23S rRNA and 16S rRNA open reading frames (Fig. 6.3). 
However, B. tachyglossi and B. turcica also uniquely have the glvAC genes inserted 
between the 16S rRNA and 23S rRNA reading frames (Fig. 6.3).  
 
Phylogenetic analyses indicate that the closest homologs to the RF, B. tachyglossi, and B. 
turcica purA, purB, htp, cutC, glpT, glpQ, hsp20, maf, PTS sucrose transported subunit 
IIBC, anti-sigma factor antagonist, and Xaa-His dipeptidase genes, are to non-Spirochaete 
bacterial species, suggesting that they likely were gained via horizontal gene transfer after 
the divergence of RF and LB Borrelia clades. Conversely, the RecN, RecF and RecR, 
tetratricopeptide repeat family proteins, and transcriptional regulatory protein genes from 
B. tachyglossi, B. turcica, and RF species share the closest homology with the equivalent 
genes from closely related Spirochaete genera, such as, Spirochaeta and Treponema. This 
indicates that these genes are orthologs and were likely present in the last common 
ancestor of LB and RF, but were subsequently lost in the LB Borrelia clade. 
 
The chromosomes of B. tachyglossi and B. turcica also contain orthologs of genes found 
only in LB chromosomes and that are absent from all RF species (Table S6.6). These 
genes include an L-sorbosone dehydrogenase gene, antigen S2 and antigen S2-related 
protein genes, lipoprotein La7 gene, an ATP-dependent DNA helicase (Rep) gene, an 
aldose reductase gene, a sodium:proton antiporter gene, several hypothetical proteins, a 
triplicated OppA gene and a duplicated phenylalanine-tRNA gene (B. tachyglossi only). 
Phylogenetic analysis of these genes produced a topology that was consistent with the  
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FIGURE 6.3. Physical map of B. tachyglossi and B. turcica rRNA operons compared B. hermsii and B. burgdorferi s.s. Yellow genes indicate 
horizontally acquired purine salvage genes conserved in B. tachyglossi, B. turcica, and RF Borrelia; blue genes indicate horizontally 
acquired glvAC maltose uptake genes present only in B. tachyglossi and B. turcica; white genes indicate hypothetical proteins of unknown 
function, and red genes indicate rRNAs. 
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whole proteome phylogeny (Fig. 6.1), clustering B. tachyglossi and B. turcica LB-derived 
genes together in their own lineage sharing a common ancestor with their LB orthologs 
(Fig. S6.5). This topology suggests that LB-derived genes in B. tachyglossi and B. turcica 
are not the result of recent horizontal transfer events, but are true orthologs to those in LB 
Borrelia and were present in the last common ancestor of LB and RF Borrelia, but 
subsequently lost in RF lineages. 
 
6.4.6 B. tachyglossi and B. turcica plasmids 
The B. tachyglossi genome assembly produced three putative linear plasmid sequences 
and one small putative circular plasmid sequences, while the B. turcica assembly 
produced six putative linear plasmid sequences and one circular plasmid. The small 
circular B. tachyglossi plasmid (cp6), was largely syntenic with other small 4-6 kb 
plasmids identified exclusively in RF Borrelia and was mainly comprised of a cluster of 
plasmid replication and partitioning proteins PFam57, PFam32 (ParA homolog), and 
PFam49. Both assemblies contained one long linear plasmid, B. tachyglossi lp78 and B. 
turcica lp129, which was highly collinear with other large linear plasmids 
(megaplasmids) found exclusively in RF Borrelia (Fig. 6.4). Conserved plasmid regions 
centred on homologous gene clusters including the thyX-nrdIEF purine metabolism 
genes, and plasmid replication and partitioning proteins PFam49, PFam32, PFam50, and 
PFam57. Two virulence-associated RF genes, fhbA and bha007 that were previously 
described from homologous RF plasmids were not identified on B. tachyglossi lp78 or B. 
turcica lp129 (Miller et al., 2013), however, two immunogenic alpha subfamily variable 
large proteins (vlp) were identified on B. tachyglossi lp78, which were not found on B. 
turcica lp129. 
 
Likewise, B. tachyglossi lp25 and B. turcica lp35 were highly collinear with linear 
plasmids from RF species (B. duttonii Ly lp23, B. hermsii DAH-2E7 lp53, B. miyamotoi 
LB-2001 lpB and B. turicatae 91E135 lpB34) and also with the ubiquitous circular LB 
plasmid cp26 (Fig. 6.4). These collinear plasmids shared homologous plasmid replication 
and partitioning proteins PFam49, PFam32 (ParA homolog), PFam50, and PFam57, as 
well as important housekeeping genes such as telomere resolvase (ResT), and several 
glucose metabolism genes (ptsG and acyP). Immediately upstream from the conserved 
PFam32-57 protein cluster, B. tachyglossi, B. turcica and LB cp26 shared a common 
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conserved hypothetical protein gene (BafPKo_B0009) that was absent from all RF 
plasmids. Two cp26-encoded purine salvage genes guaA and guaB are key components of 
the LB Borrelia purine salvage pathway, and are also present on RF plasmids such as B. 
hermsii lp53 (GenBank: CP014810) and B. miyamotoi lp41 (GenBank: CP017138). 
However, these genes were absent from B. turcica lp35, and on B. tachyglossi lp25 guaA 
is present and apparently functional, however, the coding sequence of guaB has been 
degraded into a pseudogene. Seven vlp delta subfamily (vlpD) genes were identified on B. 
turcica lp35, as well as one variable small protein (vsp1), which shared very high 
homology to B. hermsii vsp24, B. turicatae vspB, and OspC from LB species. 
Comparably, only one vlpD gene, and one putative variable outer membrane protein gene 
was identified on B. tachyglossi lp25. 
 
Linear plasmid lp29 and lp27 from B. tachyglossi and B. turcica, respectively, were also 
syntenic to RF Borrelia plasmids including B. hermsii (GenBank: CP004164), and B 
miyamotoi cp5 (GenBank: CP017131), and to the ubiquitous and highly redundant LB 
plasmid cp32 (Fig. 6.4). B. tachyglossi lp29 and B. turcica lp27 were collinear only to the 
left end of cp32, and did not contain any plasmid partitioning proteins, which are found 
on the right side of cp32 plasmids. Additionally, both the right side of B. tachyglossi lp29, 
and the left side of B. turcica lp27 contained expanded gene sets, which were unique 
compared to their RF and LB plasmid homologs. 
 
Compared to the aforementioned B. tachyglossi and B. turcica plasmids, four B. turcica 
plasmids, lp34, lp32-A, lp32-B, and cp33, did not share any common genetic architecture 
with any previously assembled Borrelia plasmids. However, individual genes located on 
these plasmids were homologous to LB and RF Borrelia plasmid-borne Borrelia genes. 
Unlike LB species, which often have numerous highly similar copies of certain plasmids, 
such as cp32, the B. turcica lp32-A and lp32-B plasmids are not homologous to one 
another. Borrelia turcica lp32-A is the only plasmid in this assembly without conserved 
plasmid partitioning proteins, while lp34 and cp33 both contain PFam32, PFam49, and 
PFam57/63 homologs. Borrelia turcica lp32-B contains an expanded set of plasmid 
partition proteins compared to other Borrelia plasmids, with duplicated PFam32 and 
PFam42 genes, as well as third PFam42-like protein. No vlp or vsp genes were identified 
on lp32-A, lp32-B, lp34, or cp33 from B. turcica. 
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FIGURE 6.4. Physical map of A) RF-specific long linear plasmids (megaplasmid), B) LB 
cp26-like plasmids, and C) LB cp32-like plasmids from B. tachyglossi, B. turcica, and 
various RF and LB Borrelia species showing homologous linear conserved sequence 
blocks connected by coloured lines and the position of individual genes. PFam plasmid 
partition proteins are highlighted in red, and the nrdIEF-thyX gene cluster in A is 
highlighted in blue. 
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6.4.7 Serological markers 
Serological assays are the most common diagnostic tests performed for the diagnosis of 
LB in people. The genomes of B. tachyglossi and B. turcica contain a number of 
previously described immune-reactive proteins, including; Flagellin (flaB), Borrelia 
membrane protein A (BmpA), variable small proteins (vsp1; an OspC homolog identified 
only in B. turcica), p66 (66 kDa protein), and p58 (58 kDa protein), which are all 
commonly used for the diagnosis of LB in people (Cook & Puri, 2016). The amino acid 
homology of BmpA, vsp1, p66, and p58 proteins between LB species and B. tachyglossi 
and B. turcica was low (32.9-57.4% identity), however, flaB protein homology was much 
higher, ranging between 89.8 and 93.7% identity. Additionally, predictions of flaB linear 
B-cell epitopes indicated that B. tachyglossi, B. turcica, and all LB and RF species 
investigated shared seven conserved protein epitopes (Fig. S6.6). Furthermore, B. 
tachyglossi and B. turcica both contain the glpQ protein, which is a commonly used 
serologically marker used to differentiate between RF and LB Borrelia. The B. 
tachyglossi and B. turcica glpQ protein is highly homologous to RF glpQ (77.4-83.4% 
identity), and contained seven predicted linear B-cell epitopes that were conserved among 
all RF glpQ proteins (Fig. S6.7).  
 
6.5 DISCUSSION 
In the present study, we conducted genome-wide comparisons of B. tachyglossi and B. 
turcica with RF and LB Borrelia genomes, and have identified genomic features that give 
significant insight to the evolution and biology of these organisms. The presence of 
otherwise LB-specific genes in the genomes of B. tachyglossi and B. turcica is 
counterintuitive to the core-proteome phylogenetic reconstruction, which confirmed 
previous taxonomic findings based on single and multi-gene phylogenies and showed that 
both B. tachyglossi and B. turcica are placed in their own well-supported lineage that 
diverged from a common ancestor with RF Borrelia (Takano et al., 2010; Loh et al., 
2017). However, relatively long branches separated B. tachyglossi and B. turcica in the 
phylogeny, indicating that perhaps the inclusion of additional reptile-associated Borrelia 
genomes may alter this topology. Certainly, at least four probable additional reptile-
associated species have been described that are closely related to B. turcica (Takano et 
al., 2010; Panetta et al., 2017), and based on 16S rRNA phylogenies cluster in a different 
branch to B. tachyglossi. Genomic sequences from these un-cultivated and un-
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characterised strains are necessary for further resolving the taxonomy of reptile and 
echidna-associated Borrelia. 
 
We identified that both B. tachyglossi and B. turcica contain vlp and vsp genes 
homologous to those used in the multiphasic antigen variation system of RF Borrelia to 
evade detection by the host immune system. In the B. turcica genome, vsp and vlp genes 
were only identified on lp35, which contained seven delta-subfamily vlp genes, and one 
vsp gene. Conversely, in B. tachyglossi, two plasmids contained vlp genes; lp28, which 
contained two alpha-subfamily vlp genes, and lp25, which contained one delta-subfamily 
vlp gene. No vsp genes were identified on B. tachyglossi plasmid sequences; however, 
further plasmid sequencing may reveal additional vlp and vsp genes. While it appears that 
B. tachyglossi and B. turcica have the genetic building blocks for the type of multi-phasic 
antigenic variation that characterises RF Borrelia, the number of these genes are greatly 
reduced compared to human-infectious RF species (Dai et al., 2006). However, B. 
tachyglossi and B. turcica vlp and vsp genes were identified here with very low (< 35% 
identity) amino acid homology to their RF homologs. Due to this high divergence, it is 
possible that additional vlp and vsp genes do occur in the genomes of B. tachyglossi and 
B. turcica that cannot be identified by homology alone.  
 
The ability of RF Borrelia to grow to very high densities in the blood of infected hosts 
differs from LB Borrelia, and has been attributed, in part, to the presence of additional 
purine (htp-purA-purB, and nrdIEF), pyrimidine (thyX), and glycerol (glpT and glpQ) 
biosynthesis pathways compared to LB species (Schwan et al., 2003; Zhong et al., 2006; 
Pettersson et al., 2007). The genomes of both B. tachyglossi and B. turcica also contain 
functional versions of these genes, suggesting that they may also attain high 
spirochetaemia in host blood. However, compared to RF Borrelia, B. tachyglossi and B. 
turcica have additional horizontally acquired nutrient metabolism genes including glvAC 
genes involved in maltose uptake and metabolism, purine-nucleoside phosphorylase 
involved in purine metabolism, a glycogen phosphorylase involved in glycogenolysis, 
and a 5-formyltetrahydrofolate cyclo-ligase gene involved in folic acid metabolism. 
Interestingly, the plasmid-borne purine salvage genes guaAB, which for LB Borrelia are 
essential for persistent mammalian infection (Jewett et al., 2009), and which are present 
and in some RF Borrelia such as B. hermsii and B. miyamotoi, are absent or degraded in 
B. tachyglossi and B. turcica. The significance of these altered and expanded metabolism 
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pathways are currently unknown and we can only speculate that it may potentially have to 
do with host adaptation.  
 
Compared to LB and RF species, B. tachyglossi and B. turcica genomes lacked several 
conserved proteins involved in the post-transcriptional modification of tRNA anticodon 
domains. Borrelia tachyglossi lacks four tRNA nucleotide modification proteins, three 
(queA, tgt, and tsaC) involved directly in the biosynthesis of queuosine-tRNA from a 
guanine precursor, and trmH, which is involved in tRNA guanine ribose methylation, and 
is also absent from the genome of B. turcica (Reader et al., 2004; Vinayak & Pathak, 
2009). Modified tRNA nucleosides are found ubiquitously throughout all living systems, 
and are involved directly in codon recognition, the regulation of translational efficiency 
and fidelity, and indirectly in numerous basic cellular functions, such as the inhibition of 
cellular proliferation, extracellular signalling, and regulation of metabolism (Hori, 2014). 
Importantly, disruption of bacterial tRNA modification mechanisms (including queosine 
tRNA modification) can result in gene-specific translational dysregulation, resulting in 
phenotypic disruption, including the attenuation of virulence (Hörtner Simone  et al., 
2007; Shippy & Fadl, 2014). It is unclear whether these genes are essential for queuosine 
and guanine tRNA modification in Borrelia, however, transcriptome and phenotypic data 
could indicate whether the deletion of these genes in B. tachyglossi and B. turcica results 
in reduced translational efficacy or gene-specific translational bias.   
 
Otherwise LB-specific genes in the genomes of B. tachyglossi and B. turcica were found 
to be true orthologs of their LB counterparts suggesting that LB species, B. tachyglossi 
and B. turcica may share a common environmental niche not encountered by RF species, 
in which these genes confer fitness advantages. We speculate that this shared niche is 
likely the tick midgut environment, as observations of high B. turcica densities in host 
blood and culture medium (Takano et al., 2010) are indicative of a RF-like infection, 
however, within vector ticks, reptile-associated Borrelia sp. tAG was observed remaining 
sequestered within tick’s midgut after moulting (Takano et al., 2012), a phenotype shared 
with LB Borrelia. Lipoprotein La7 has been shown to be required by B. burgdorferi s.s 
for successful acquisition, persistence, and transmission in ticks (Yang et al., 2013), and 
its conservation in B. tachyglossi and B. turcica suggests that these species may also have 
similar maintenance pathways to survive within tick hosts. 
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Borrelia plasmids can comprise up to one-third of Borrelia genomes and compared to the 
conserved chromosome are highly variable between strains and species. Here we have 
shown that B. tachyglossi and B. turcica contain plasmids that are solely represented in 
RF genospecies such as B. tachyglossi cp6, B. tachyglossi lp78, and B. turcica lp129, but 
also plasmids that are homologous to LB cp26 and cp32 plasmids.  Such plasmid 
conservation suggests that the origin of at least some Borrelia plasmids predates the 
divergence of the RF and LB clades, a finding also made by Casjens et al. (2018) which 
found that RF plasmid PFam32 sequence types phylogenetically cluster within, but 
separately from, LB plasmid PFam32 sequence types. 
 
The diagnosis of LB in humans still largely relies on serological assays detecting IgG and 
IgM antibody responses to one or several Borrelia immunoreactive proteins. However, 
cross-reactivity of LB diagnostic assays commonly occurs with other bacteria (Magnarelli 
et al., 1987), and especially with RF Borrelia infections. The genomes of B. tachyglossi 
and B. turcica contained several conserved immunoreactive proteins that are commonly 
used in LB serological diagnostic assays, although many had moderate to low protein 
homology with their LB homologs. The flaB gene, however, showed very high 
homology, and had conserved linear B-cell epitopes with LB and RF orthologous flaB. 
Additionally, B. tachyglossi and B. turcica genomes contained the glpQ protein, which is 
absent from all LB genomes but present in all RF genomes.  Borrelia tachyglossi and B. 
turcica glpQ shared very high protein sequence homology with RF glpQ proteins, and 
also shared seven conserved predicted linear B-cell epitopes with all RF glpQ proteins 
investigated. GlpQ is currently the only commonly employed serological marked that can 
unequivocally discriminate between LB and RF infection (Schwan et al., 1996), and our 
analysis suggest that glpQ-reactivity may also be predictive of B. tachyglossi and B. 
turcica exposure in humans, especially in non-endemic LB areas, such as Australia 
(Chalada et al., 2016; Collignon et al., 2016). 
 
A limitation of the present study is that the B. tachyglossi genome was assembled from 
short-read metagenomic data and as a result of this, plasmid assemblies represent only 
partial plasmid sequences, and additional B. tachyglossi plasmids may be missing from 
this assembly. Difficulties assembling plasmid Borrelia plasmids from short read data 
alone have been well documented, and can largely be overcome by utilising a 
combination of long and short read technologies (Margos et al., 2017b). The B. turcica 
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genome, however, was assembled using both short and long-read data generated from a 
pure BSK-Y culture and gives a much more complete assembly of plasmid sequences. 
Future work should aim to isolate B. tachyglossi in pure culture and conduct long-read 
sequencing to generate a more complete assembly of B. tachyglossi plasmids.  
 
6.6 CONCLUSIONS 
Borrelia tachyglossi and B. turcica are members of an expanding Borrelia clade 
associated primarily with reptile hosts and vectored by hard ticks, and for which very 
little is known about their biology, ecology, or pathogenic potential. Here we shown B. 
tachyglossi and B. turcica have RF-like genomes containing long linear megaplasmids, a 
suite of housekeeping and macronutrient metabolism genes that were horizontally 
acquired and then evolutionary conserved in RF Borrelia after the LB-RF divergence, and 
paralogous vlp and vsp proteins that are the building blocks of the RF multiphasic 
antigenic variation system that underpins much of its pathogenicity. However, B. 
tachyglosi and B. turcica also contain unique lineage-specific genomic features including 
highly expanded horizontally acquired purine, glycogen, and maltose biosynthesis genes 
and numerous degraded or missing genes involved in the post-transcriptional 
modification of tRNA nucleosides. B. tachyglossi and B. turcica intriguing also contain 
evolutionary conserved LB-specific orthologs, suggesting that these distantly related 
Borrelia may share common vector-associated molecular mechanisms or phenotypes 
where these genes offer fitness advantages. Overall, these genomes provide a valuable 
resource for future work and show the importance of including Borrelia species – even 
those with unknown human pathogenicity – into further studies exploring the evolution, 
pathobiology and ecology of this interesting and diverse bacterial genus.  
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6.8 SUPPLEMENTARY MATERIALS 
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TABLE S6.5. Relapsing fever-specific genes present in Borrelia tachyglossi and B. 
turcica chromosomes. 
Gene GO Biological function 
Crossover junction endodeoxyribonuclease RuvC Recombinational repair 
Septum formation protein Maf Division septum repair 
Glycerol-3-phosphate transporter glpT Glycerol metabolism 
Glycerophosphodiester phosphodiesterase glpQ Glycerol metabolism 
DNA repair protein RecN DNA double-strand break repair 
DNA replication and repair protein RecF DNA double-strand break repair 
Recombination protein RecR DNA synthesis involved in DNA repair and 
recombination 
Hypothetical protein N/A 
Hypothetical protein N/A 
Peptidylprolyl isomerase rRNA processing 
Glutathione peroxidase Cellular response to oxidative stress 
Tanscriptional regulatory protein Transcriptional regulation 
Hypothetical protein N/A 
Hypothetical protein N/A 
Hypothetical protein N/A 




Adenylosuccinate synthetase purA Purine biosynthesis; adenosine 
biosynthesis 
Adenylosuccinate lyase purB AMP and IMP biosynthesis 
Xaa-His dipeptidase Peptide catabolic processes  
5'-methylthioadenosine/adenosylhomocysteine 
nucleosidase1 
Nucleoside catabolic processes; L-
methionine salvage 
Hypothetical protein2 N/A 
Flagellar biosynthesis protein FlhB2 Bacterial flagellum assembly; protein 
secretion 
Tetratricopeptide repeat family protein2 N/A 
ATP-dependent DinG family helicase DNA duplex unwinding; DNA 
recombination 
Hypothetical protein N/A 
Protease Do Heat shock response 
Anti-sigma factor antagonist Response to redox state 
PTS sucrose transporter subunit IIBC Sugar phosphotransferase system 
Copper homeostasis protein CutC Copper ion homeostasis and transport 
1 B. tachyglossi, B. turcica, and RF Borrelia lack this LB-characteristic gene. 2 In B. 
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TABLE S6.6. Lyme borreliosis-specific genes present in Borrelia tachyglossi and B. 
turcica chromosomes. 
Gene GO biological function 
L-sorbosone dehydrogenase Oxidoreductase activity 
Duplicated tRNA-Phe1  
Triplicated oligopeptide-binding protein 
OppA2 
Chaperone-mediated protein folding; protein 
transport 
Antigen S2 Antigenic protein 
Antigen S2-related protein N/A 
Lipoprotein LA7 Immunogenic outer membrane lipoprotein 
Hypothetical protein N/A 
Hypothetical protein N/A 
Hypothetical protein N/A 
Hypothetical protein N/A 
Adenine-specific methyltransferase3 tRNA adenine methylation  
Aldose reductase1 Glyceraldehyde oxidoreductase activity; election 
transfer 
Hypothetical protein4 N/A 
ATP-dependent DNA helicase Rep4 Bacterial DNA replication; DNA unwinding related 
to DNA replication 
Sodium:proton antiporter Cellular sodium ion homeostasis; regulation of 
intracellular pH 
Hypothetical protein5 N/A 
1 In B. tachyglossi only. 2 In B. tachyglossi the third OppA gene has been degraded to a 
psudogene. 3 B. tachyglossi, B. turcica, and LB Borrelia lack this RF-specific gene. 4 In 
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FIGURE S6.5. Phylogenetic reconstruction of concatenated aldose reductase, antigen S2, 
antigen S2-related protein, lipoprotein LA7, L-sorbosone dehydrogenase, sodium:proton 
antiporter, Rep helicase, and hypothetical protein BafPKo_0024 nucleotide gene 
sequences common to B. tachyglossi, B. turcica and LB chromosomes but absent from 
RF chromosomes. All node support values are 1, except were indicated. Bold text 
indicates sequences from the present study. 
 
 
FIGURE S6.6. Alignment of Borrelia flaB amino acid sequences with annotated predicted 
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FIGURE S6.7. Alignment of Borrelia glpQ amino acid sequences with annotated 
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7.1 INTRODUCTION 
Following the initial discovery of Anaplasmataceae sequences in native Australian ticks 
(Gofton et al., 2015; Gofton et al., 2015b), this thesis focused on investigating the 
diversity and systematics of indigenous Australian Anaplasma, Ehrlichia, and 
Neoehrlichia spp. using conventional and high-throughput molecular techniques. While 
the sampling was far from a complete survey of the ixodid and vertebrate fauna present in 
Australia, the results indicate, for the first time, that a wide diversity of indigenous tick-
borne Anaplasmataceae occurs in Australia. In addition, the data generated begins to 
answer fundamental questions regarding their evolutionary relationships with pathogenic 
and non-pathogenic members of this Family overseas, and provides inceptive information 
about their genetic diversity, tick vectors, prevalence, and geographic distribution. High-
throughput sequencing and metagenomic techniques were used to assemble the genome 
of ‘Candidatus (Can.) Borrelia tachyglossi’ and Borrelia turcica and comparative 
microbial genomics was used to untangle their unique evolutionary relationship to other 
Borrelia spp., and identify genomic features that provide insight into these organisms’ 
biology, life cycle, and potential host-specific phenotypes.  
 
Initial investigations focused on Ixodes holocyclus and Amblyomma triguttatum subsp. 
ticks, which are of prominent medical, veterinary, and economic importance in Australia 
because of their propensity to parasitise humans and domestic animals. Two unique 
Neoehrlichia spp. were identified in questing and engorged I. holocyclus ticks from 
almost its entire enzootic range throughout coastal Queensland (QLD) and New South 
Wales (NSW) (Chapter 2). In Chapter 3 a novel Ehrlichia sp. ‘Can. Ehrlichia 
occidentalis’ was also identified in Am. triguttatum subsp. ticks from Western Australia 
(WA) and South Australia (SA), as was a novel A. bovis genotype, which represents the 
first detection of A. bovis in Australia. The microbiome of I. ornithorhynchi ticks, which 
are host-specific to platypuses (Ornithorhynchus anatinus), was also studied and a new 
Ehrlichia species, ‘Can. Ehrlichia ornithorhynchi’, infecting platypuses from both 
Tasmania and Queensland was discovered in these ticks (Chapter 4). Additionally, in 
conjunction with the Department of Agriculture and Food, WA, an investigation 
uncovered the cattle parasite E. mineirensis and a novel mosquito-associated species, 
‘Can. Anaplasma boleense’ in Australia for the first time (Chapter 5). 
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Finally, assembly and analysis of the genomes of B. turcica and ‘Can. Borrelia 
tachyglossi’ helped to clarify the phylogenetic grouping and evolutionary origins of these 
unique borreliae as well as to identify signs of lineage-specific genomic decay, and 
phenotypically-linked genomic features that suggest that these Borrelia preferentially 
proliferate in vertebrate blood rather than tissues, and evade host immune responses by 
outer surface antigen switching mechanisms similar to relapsing fever Borrelia (Chapter 
6). 
 
7.2 AUSTRALIAN ANAPLASMATACEAE: NEW FINDINGS AND PERSPECTIVES 
 7.2.1 Evolution and systematics of Australian spp. 
Overall, the native Australian Anaplasma, Ehrlichia, and Neoehrlichia species discovered 
to date are highly paraphyletic, and belong to different evolutionary lineages within these 
genera (Figure 7.1). This paraphyly could be explained by models of vicariance, in which 
ancestral populations were split and isolated by shifting continental landmasses (or other 
geological barriers) leading to localised allopatric speciation, or models of dispersal, in 
which ancestral or extant species were transported across pre-existing barriers (such as 
oceans) leading to speciation and adaptation to new geographic areas. The Rickettsiales 
are an ancient bacterial lineage that were thought to have transitioned from a free-living 
to intracellular life style 525-775 million years ago, long before the breakup and isolation 
of Gondwanan landmasses (Merhej & Raoult, 2011). It therefore seems likely that 
vicariance would have played a significant role in the evolution of the Australian 
Anaplasmataceae, and that a diverse array of ancestral or extant Anaplasma, Ehrlichia, 
and Neoehrlichia were likely to have been present on the Australian continent prior to its 
breakup from Gondwana. Globally however, it is clear that dispersal events and cross-
species adaptation (ixodid and vertebrate switching) have also had significant impacts on 
the Rickettsiales’ evolution and speciation (Kang et al., 2014). Indeed, around the world, 
examples of taxonomically diverse species sharing the same ranges, hosts, and vectors are 
evident, such as multiple Rickettsia spp., A. phagocytophilum, and ‘Can. Neoehrlichia 
mikurensis’ co-circulating throughout central Europe (Parola & Raoult 2001; Derdáková 
et al., 2014).  However, there are also numerous examples of closely related species 
occupying highly distant and dissimilar geographies, such as E. ruminantium, Ehrlichia 
sp. Panola Mt., and ‘Can. Ehrlichia occidentalis’ which are all grouped in the same 
lineage, but occur naturally in sub-Saharan Africa, southeast North America, and Western 
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and Southern Australia, respectively (Loftis et al., 2008; Allsopp, 2010; Gofton et al., 
2017). 
 
Worldwide new Anaplasmataceae species and genotypes are frequently described, 
especially new members of the genus Neoehrlichia, which was only first recognised in 
2004 (Kawahara et al., 2004). Prior to the commencement of this thesis only two 
Neoehrlichia species had been described, ‘Can. Neoehrlichia mikurensis’ from Europe 
and Asia, and N. lotoris from North America (Kawahara et al., 2004; Yabsley et al., 
2008). Following the characterisation of ‘Can. Neoehrlichia australis’ and ‘Can. 
Neoehrlichia arcana’ in this thesis (Chapter 2), several other new species have been 
identified around the world including ‘Can. Neoehrlichia chilensis’ from rodents (Mus 
musculus and Abrothrix spp.) in Chile (Muller et al., 2018), Neoehrlichia sp. TVY9.0003 
from lemurs (Indri indri and Propithecus diadema) in Madagascar (Larsen et al., 2016), 
and another Australian species from I. australiensis and I. fecialis ticks from WA that has 
yet to be formally characterised (Egan, 2017; Egan, pers. comm.). In new phylogenetic 
analysis conducted on 16S rRNA sequences from these species ‘Can. Neoehrlichia 
australis’ is positioned basal to all other Neoehrlichia spp., with ‘Can. Neoehrlichia 
arcana’, Neoehrlichia sp. TVY9.0003, and the new Australian species from I. 
australiensis are forming an intermediate soft polytomy, and ‘Can. Neoehrlichia 
chilensis’, ‘Can. Neoehrlichia mikurensis’, and N. lotoris forming a distinct and 
peripheral monophyletic clade (Fig. 7.1). Most importantly with respect to the work 
presented in Chapter 2 is that this new data reinforces the divergence between ‘Can. 
Neoehrlichia australis’ and other Neoehrlichia spp., and the paraphyly between ‘Can. 
Neoehrlichia australis’ and ‘Can. Neoehrlichia arcana’, which were identified co-
infecting the same tick species (Chapter 2). 
 
Additionally, there appears to be at least some genetic similarities between Australian and 
Madagascan Neoehrlichia species, potentially indicating biogeographic linkage via 
dispersal or vicariance routes, although additional genetic data is required to test these 
hypotheses.  Biogeographic linkage between Australian and Madagascan blood-borne 
parasites has previously been demonstrated for Trypanosoma spp., with dispersal by bats 
being the hypothesis most supported in this case (Hamilton et al., 2012; Larsen et al., 
2016). Although the inclusion of these new species has helped to reveal some aspects of 
the evolutionary history of Neoehrlichia, it is probable that numerous additional species 
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and genotypes are awaiting discovery in Australia and worldwide, which may alter our 
understanding of the systematics of this genus. Additional genetic and genomic data from 
Neoehrlichia spp. would also be very beneficial in clarifying their systematics. 
 
In contrast to the other Australian Anaplasmataceae spp. discovered and discussed in this 
thesis, phylogenetic analyses suggest that A. bovis, E. mineirensis, and – potentially – 
‘Can. Anaplasma boleense’ arrived in ‘modern’ Australia relatively recently, and 
probably well after Australia’s isolation from other continents. Phylogenetic analysis of 
Australian A. bovis from Am. triguttatum subsp. show that while the Australian genotypes 
are distinct and phylogenetically peripheral from all others worldwide, they are most 
closely related to geographically-linked genotypes from Indonesia and south east Asia 
(Chapter 3; Fig. 3.6). Based on this, it is suggested that A. bovis entered Australia long 
after the Gondwanan breakup via natural dispersal events, perhaps during the Miocene 
(20-5 million years ago), when Australia was significantly closer to Indonesia and the 
first eutherian radiations (of bats and rodents) into Australia occurred. Anaplasma bovis, 
although primarily known for its ability to cause mild disease in bovines, in fact has one 
of the widest vertebrate host ranges of any Anaplasma spp. and has been identified in 
bovines and cervids (Kawahara et al., 2006; Kang et al., 2011; Palomar et al., 2015), 
sheep, goats (Ge et al., 2016), racoons (Sashika et al., 2011), rabbits (Goethert & Telford 
2003), wildcats (Tateno et al., 2013), and macaques (Tay et al., 2015), as well as ticks; 
Am. variegatum (Dumler et al., 2001), Dermacentor andersoni (Dergousoff & Chilton 
2011), Haemaphysalis longicornis (Kawahara et al., 2006; Kim et al., 2006), H. concinna 
(Rar et al., 2013), and I. scapularis (Goethert & Telford 2003) ixodids. 
 
Ehrlichia mineirensis is a cattle parasite transmitted by Rhipicephalus microplus ticks 
and, like other cattle parasites such as A. marginale, was likely introduced to Australia 
within the last 230 years since European colonisation, although the fact that it has not 
been detected until the current work suggests its introduction may have been more recent. 
Almost nothing is known about the biology or ecology of ‘Can. Anaplasma boleense’ 
other than the fact that it can infect a variety of mammal hosts (bovines, cervines, pigs, 
squirrels, and bats), and appears to have a pan-Asian or tropical distribution. Further 
research is needed throughout its distribution, including, Australia to fully understand the 
genetic diversity, biology, and ecology of this recently described species.   
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7.2.2 Host, vectors, and disease 
Although this research presented in this thesis has uncovered and taxonomically 
characterised numerous new Anaplasmataceae, almost nothing is known about the 
biology, ecology, or potential pathogenicity of these new bacteria. Like all Anaplasma, 
Ehrlichia, and Neoehrlichia species worldwide, it is assumed that these new Australian 
species are maintained in natural sylvatic transmission cycles between recurrently 
infected wildlife reservoirs and ixodid vectors. In the present thesis, the transstadial 
transmission of ‘Can. Neoehrlichia australis’, ‘Can. Neoehrlichia arcana’, ‘Can. Ehrlichia 
occidentalis’, and A. bovis in Australian ticks was demonstrated by detecting the bacteria 
in questing nymph and adult ticks, however, transmission of these bacteria from their 
putative vectors to vertebrate hosts has not been conclusively demonstrated. Nevertheless, 
considering the high prevalence in which these new bacteria were detected in their 
respective ixodids, it is likely that these arthropods are natural vectors of these organisms.  
 
In the present thesis, ‘Can. Neoehrlichia australis’, ‘Can. Neoehrlichia arcana’, ‘Can. 
Ehrlichia occidentalis’, and A. bovis were detected only from ixodids, and knowledge 
about their vertebrate reservoir hosts is unclear. These bacteria were detected in I. 
holocyclus and Am. triguttatum subsp. ticks, and although the vertebrate host preferences 
of these ticks is well known (Roberts, 1970; Barker & Walker, 2014), they are both 
generalist feeders that readily parasitise a wide variety of wildlife, making predictions 
about potential reservoirs difficult. Nevertheless, these ticks do have several ‘main hosts’ 
that they parasitize more frequently than others, including bandicoots (Isoodon and 
Perameles spp.) for I. holocyclus, and larger macropods such as eastern and western grey 
kangaroos (Macropus giganteus and M. fuliginosus, respectively), and the wallaroo (M. 
robustus) for Am. triguttatum subsp. Future research should study these ‘main hosts’ has 
well as other known wildlife hosts of I. holocyclus and Am. triguttatum subsp. for the 
presence of ‘Can. Neoehrlichia australis’, ‘Can. Neoehrlichia arcana’, ‘Can. Ehrlichia 
occidentalis’, and A. bovis-infection in order to gain a greater understanding of the 
ecology and potential wildlife health impact of these bacteria. 
 
Although Anaplasma, Ehrlichia, and Neoehrlichia spp. worldwide are most commonly 
known for the diseases they cause in domestic animals and people, they usually result in 
asymptomatic but persistent infections in their natural wildlife hosts. Although no studies 
yet have specifically investigated the health impacts of Anaplasmataceae on Australian 
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wildlife, other investigations into wildlife health more generally have not identified 
clinically significant diseases consistent with Anaplasma, Ehrlichia, and Neoehrlichia 
spp. infection, although Anaplasma-like intracellular inclusions have been observed in 
several species (Whittington, 1993; Rose, 2005). However, other blood-borne parasites 
that were once thought to be benign in wildlife, such as Trypanosoma spp., have been 
identified recently as overlooked drivers of population decline in endangered Australian 
marsupials (Thompson, 2014; Austen et al. 2015). It is therefore important to properly 
evaluate the impacts of new Australian Anaplasmataceae on wildlife health, especially in 
populations that are already in decline or threatened. 
 
The presence of new tick-borne Anaplasmataceae in Australia is a discovery of 
substantial importance for medical and veterinary practitioners due to the pathogenic 
characteristics of these bacterial groups in humans and domestic animals. To date there is 
no recognised evidence of autochthonous human or animal infection with any of the new 
bacteria described in this thesis, however, as these bacteria have only been identified 
recently, there have not yet been any epidemiological studies in people or domestic 
animals to determine exposure or infection rates. The molecular assays developed and 
presented in this thesis could be used as diagnostic tools in cases of suspected infection, 
as demonstrated in Chapter 5. In Australia, serological assays have been used to measure 
exposure rates in people to well-known and novel rickettsial species such as R. gravesii 
sp. nov. (Abdad, 2011), and the development and use of such assays would prove useful 
in determining if humans are at risk of infection. 
 
Additionally, it is possible that infection with these new Australian tick-borne bacteria 
has, in the absence of molecular confirmation, been misdiagnosed previously for well-
known infections such as R. australis (in people) or A. marginale (in cattle). This 
commonly occurs when bacterial variants closely related to known pathogens are first 
discovered. For example, retrospective and current studies of ‘Can. Neoehrlichia 
mikurensis’ infections throughout Europe and Asia have uncovered that until recently, a 
significant level misdiagnosis occurred due to symptomatic similarities with other 
common infections or conditions, serological cross-reactivity with A. phagocytophilum 
IgG and IgM assays, lack of molecular confirmatory testing, and a general lack of 
knowledge and recognition of the bacteria among medical practitioners (Pekova et al., 
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2011; Li et al., 2012; Grankvist et al., 2014; Welc-Falȩciak et al., 2014; Marsal 2015; 





FIGURE 7.1. Phylogram of Anaplasma, Cryptoplasma, Ehrlichia, Neoehrlichia species 
based on partial 16S rRNA gene sequences, including new species and genotypes 
characterised in the present thesis (bold) and additional putative Australian species () 
awaiting further characterisation.  indicates species that have only been identified in 
Australia,  indicates species discusses in this thesis that have been identified in Australia 
and elsewhere, and  indicates species that have been introduced to Australia but which 
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7.2.3 Molecular techniques for the detection and taxonomic characterisation 
of Anaplasmataceae 
In the research described in this thesis both conventional molecular techniques, such as 
PCR and Sanger sequencing, and high-throughput DNA sequencing were used to detect, 
identify, and taxonomically characterise Australian Anaplasma, Ehrlichia, and 
Neoehrlichia species and genotypes. Throughout this work, and in previous related 
studies (Gofton et al., 2015; Gofton et al., 2015b), high-throughput bacterial 16S rRNA 
amplicon sequencing has proved a sensitive and reliable technique to detect novel 
bacterial taxa. Although this technique is not without methodological biases (reviewed in 
Greay et al., 2018), its application is almost ubiquitous and can detect > 94% of all 
known bacterial taxonomic groups in a single assay, allowing the elucidation and analysis 
of microbial composition largely without a priori hypotheses (Weisburg et al., 1991; 
Chakravorty et al., 2007). However, despite the technique’s sensitivity, the method is 
limited in its ability to resolve bacterial taxa to higher taxonomic ranks (i.e. species), due 
to the relatively short sequence lengths achievable with most sequencing platforms (300-
600 bp). 
 
Conventional PCR and Sanger sequencing techniques, however, have the benefit of being 
able to generate much longer (> 1 kb) contiguous sequences that can produce more 
accurate phylogenetic reconstructions. PCR assays, when designed properly, can be 
highly sensitive, but require prior knowledge of the target organisms, and can require 
significant assay optimisation. Therefore, in this thesis and related works (Gofton et al., 
2015; Gofton et al., 2015b), these two techniques have been used in conjunction, with 
high-throughput sequencing used largely as a detection and discovery tool, followed by 
targeted PCR-based assays for further sample screening and to gather additional sequence 
data for phylogenetic purposes. 
 
At the outset of this thesis, very little DNA sequence data were available for the species 
identified in this study, so the phylogenetic characterisation of these Australian 
Anaplasmataceae relied heavily on genus-specific PCR and qPCR assays, and broader 
pan-Anaplasmataceae nested PCR assays, that enabled the detection of novel species and 
sequence variants without a significant amount of prior sequence information. As well as 
utilising and re-optimising PCR assays from the literature, several new assays were 
developed during the present research, which have been shown to be very effective in 
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amplifying diverse Anaplasmataceae species. The first assay was developed to amplify 
partial Anaplasmataceae groEL sequences, after extensive testing of a wide variety of 
pan-Anaplasmataceae and genus-specific groEL PCR assays from the literature were 
unsuccessful. This new pan-Anaplasmataceae PCR consists of primers groEL-fwd3 and 
groEL-rev2 (Chapter 2), which were designed in silico from alignments of groEL 
sequences from all known Anaplasma, Ehrlichia, and Neoehrlichia spp., and positioned 
in highly conserved gene regions, allowing primer annealing without significant sequence 
mismatches. These new primers can be used alone in a conventional PCR assay, but were 
more sensitive when used in a nested PCR assay with previously described HS1 and HS6 
primers (Liz et al., 2000; Rar et al., 2010) used in the primary reaction.  
 
Other new PCR assays developed in the present study include two short specific PCR 
assays for the rapid and cost-effective detection of ‘Can. Ehrlichia occidentalis’ and A. 
bovis, without sequencing. The first assay (primers: Ehr-234F and Ehr-404R) targets a 
short 131 b region of the 16S rRNA gene of ‘Can. Ehrlichia occidentalis’, and the second 
assay (primers: Ana-911F and Ana-1227R) targets a 277 bp region of the 16S rRNA gene 
of A. bovis (Chapter 3). Additionally, these assays and primers have proved useful for 
detecting other species including ‘Can. Ehrlichia ornithorhynchi’ (Chapter 4), and when 
used in combination with other primers (Ehr-234F and IS58-1345R), for the detection of 
E. mineirensis from cattle spleen samples (Chapter 5). Additionally, a new map1 assay 
was also developed in silico from alignments of E. ruminantium and related species, 
which proved successful in amplifying ‘Can. Ehrlichia occidentalis’ map1 sequences 
(Chapter 3). These new PCR assays have proved highly sensitive in amplifying 
Australian tick-borne Anaplasmataceae species and genotypes and will be valuable tools 
for continued research into novel Australian Anaplasmataceae. Indeed, these assays are 
currently being implemented for the detection and characterisation of additional new 
Anaplasma, Ehrlichia, and Neoehrlichia species from other Australian tick species (Loh 
et al., pers. comm.; Egan et al., pers. comm.). 
 
7.3 BORRELIA TURCICA & ‘CAN. BORRELIA TACHYGLOSSI’ GENOMES 
Members of the genus Borrelia are significant emerging pathogens worldwide and are the 
aetiological agents to Lyme borreliosis (LB) and relapsing fever (RF). Species that cause 
these two diseases cluster separately into two distinct phylogenetic lineages, and although 
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they have numerous general biological and genomic characteristics in common, they have 
distinct and mutually exclusive phenotypes in vertebrate and tick hosts (Bergström & 
Normark 2018). Indeed, it has recently been suggested that LB and RF Borrelia species 
should be divided into separately named genera to reflect this divergence (Adeolu & 
Gupta 2014), however, the validity of this proposal is currently under debate (Barbour et 
al., 2017; Margos et al., 2017). Furthermore, recently described reptile-associated 
Borrelia spp., such as B. turcica, as well as ‘Can. Borrelia tachyglossi’ that is associated 
with echidna hosts, have a unique phylogenetic position compared to the LB and RF 
clades, and it has been suggested that they represent a third unique evolutionary lineage 
that may blur the genetic and phenotypic distinction between LB and RF species (Guner 
et al., 2004; Loh et al., 2017). Although studies have focused on the systematics of these 
new species, almost nothing is known about their genomes or biology.  
 
Therefore, in this study, metagenomic sequencing and assembly of a single ‘Can. Borrelia 
tachyglossi’-infected female Bo. concolor tick, engorged with echidna blood, produced an 
accurate draft genome of ‘Can. Borrelia tachyglossi’ containing the entire chromosome, 
three partial linear plasmids, and one complete circular plasmid. Difficulties assembling 
plasmid Borrelia plasmids from short read data alone have been well documented due to 
their highly plastic and repetitive nature (Margos et al., 2017b), and it is almost certain 
that the assembly of ‘Can. Borrelia tachyglossi’ plasmids is incomplete. Borrelia plasmid 
assemblies are greatly improved with the use of long-read sequencing technologies 
(Margos et al., 2017b), which should be used in the future to fully complete the genome 
of ‘Can. Borrelia tachyglossi’. Borrelia turcica however, with sequences from a pure 
cultured isolate with both long and short read sequencing technologies, produced a 
complete genome assembly that included the linear chromosome, six linear plasmids, and 
one circular plasmid. 
 
The whole proteome-based phylogenetic analysis of B. turcica and ‘Can. Borrelia 
tachyglossi’ presented in this thesis concurs with previous taxonomic findings and 
showed that both species inhabit their own highly-supported lineages that diverge from 
the main RF lineage very early after the LB-RF split (Fig. 6.1). However, relatively long 
branches separated B. turcica and ‘Can. Borrelia tachyglossi’ in the phylogeny, indicating 
that perhaps the inclusion of additional reptile-associated Borrelia genomes may alter this 
topology. Certainly, at least four probable additional reptile-associated species have been 
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described that are closely related to B. turcica (Takano et al., 2010; Panetta et al., 2017), 
and based on 16S rRNA phylogenies, these cluster more closely to B. turcica to the 
exclusion of ‘Can. Borrelia tachyglossi’. Genomic sequences from these un-cultivated 
and un-characterised strains are necessary for further resolving the systematics of this 
novel Borrelia lineage. 
 
Genomic sequencing and analysis of B. turcica and ‘Can. Borrelia tachyglossi’ presented 
in this thesis demonstrated that these species have distinct RF-like genomes that contain 
numerous genomic characteristics specific to members of the RF clade, and not in any LB 
species. These features include numerous conserved Spirochaete genes that were lost in 
the LB lineage but retained in the RF lineage, a RF-like rRNA operon with single copy 
5S and 23S rRNA genes, two independent sets of horizontally acquired purine, 
pyrimidine, and glycerol salvage and metabolism genes, and the presence of 
‘megaplasmids’ (large ~200 kb lineage plasmids only present in RF species). In RF 
species, the horizontally acquired purine, pyrimidine and glycerol salvage and 
metabolism genes that are shared by B. turcica and ‘Can. Borrelia tachyglossi’, are 
directly linked to RF spp. ability to proliferate to high densities in blood (rather than in 
tissues as LB spp. do), suggesting that B. turcica and ‘Can. Borrelia tachyglossi’ may 
also share this phenotype in their vertebrate hosts. 
 
However, the genomes of B. turcica and ‘Can. Borrelia tachyglossi’ also contained 
conserved orthologs with LB species, including several antigens and lipoproteins. These 
genes may indicate that B. turcica and ‘Can. Borrelia tachyglossi’ may have shared 
environmental niches with LB species in which these genes are important and suggest this 
environment may be the tick midgut as other reptile-associated species have been 
identified exhibiting the LB-like phenotype of being retained in the tick midgut after 
moulting (Takano et al., 2012). Further detailed phenotypic studies of ‘Can. Borrelia 
tachyglossi’, B. turcica and other reptile-associated Borrelia spp. are needed to fully 
elucidate their lifecycle within tick and vertebrate hosts. 
 
Additionally, the genomes of B. turcica and ‘Can. Borrelia tachyglossi’ display 
signatures of genomic decay in genes associated with post-transcriptional tRNA 
nucleoside modification and chromosome partitioning, as well as largely expanded sets of 
genes involved in maltose uptake and metabolism, purine metabolism, glycogenolysis, 
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and folic acid metabolism. The significance of these altered and expanded metabolism 
pathways are currently unknown and but may potentially have to do with lineage-specific 
host and tick adaptations. 
 
Of great importance to medical diagnosis of Borrelia infections was the identification of 
numerous highly conserved immunogenic proteins such as BmpA, vsp1, p66, p58, flaB, 
and glpQ, that are now commonly used in LB and RF serological assays. The glpQ gene 
in particular is of great significance as it is the only commonly employed serological 
marker that can unequivocally discriminate between LB and RF infections, as serological 
cross-reactions between the two groups are common and problematic (Schwan et al., 
1996). Currently, there are emerging but unconfirmed reports of Australians testing 
positive in relapsing fever Borrelia IgG and IgM serological assays, despite no 
autochthonous Borrelia infection ever being reported in Australia (Beaman, 2016; IGenX 
Inc., 2018). These reports suggest that Australians are being exposed to a relapsing fever-
like agent, such as ‘Can. Borrelia tachyglossi’, however, this needs to be carefully 
investigated and independently confirmed. Although the antigens used in the assay are 
undisclosed and proprietary, they are most likely recombinant B. hermsii, B. miyamotoi, 
and B. turicatae antigens and contain commonly used antigens including flaB and glpQ. 
Genome analysis indicated that ‘Can. Borrelia tachyglossi’ flaB and glpQ antigens are 
likely to cross-react with those from RF spp. due to conserved B-cell epitopes, however 
this should be thoroughly investigated prior to the use of these serological assays in 
Australia. Additionally, the present work has determined the sequence of ‘Can. Borrelia 
tachyglossi’ antigens, and as such the use of recombinant ‘Can. Borrelia tachyglossi’ 
antigens may be more effective and sensitive to detect exposure or infection in Australia.  
 
7.4 LIMITATIONS & FUTURE PERSPECTIVES 
Although work presented in this thesis has made a significant contribution to exploring 
the diversity of Anaplasma, Ehrlichia, and Neoehrlichia spp., they were investigated in 
only three of the 66 tick species native to Australia. Considering the wide diversity of 
Anaplasma, Ehrlichia, and Neoehrlichia species identified to date, it is almost certain that 
numerous additional Australian species will be discovered in the future. Indeed, it is 
already clear that the work presented in this thesis has only scratched the surface of tick-
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borne bacterial diversity in Australia and that a broader diversity of Australian 
Anaplasma, Ehrlichia, Neoehrlichia, and Borrelia spp. exists in Australia. 
 
Recent research by the Murdoch University Vector and Water-Borne Pathogens Research 
Group has recently uncovered an additional four putative Anaplasmataceae species from 
native ixodids, including two Ehrlichia spp., one Neoehrlichia sp., and one Anaplasma 
sp. (Egan et al., pers. comm.; Loh, pers. comm.; Gofton et al., unpublished) (Fig. 7.1). 
These additional species are genetically distinct from those described in this thesis and 
associated with diverse ixodid vectors and vertebrate hosts such as I. fecialis, I. 
australiensis, B. concolor ticks, and bandicoot (Ixoodon obesulus) and echidna 
(Tachyglossus aculeatus) hosts (Egan et al., pers. comm.; Loh et al., pers. comm.; Gofton 
et al., unpublished). This ongoing research has also increased knowledge of the potential 
ixodid range of ‘Can. Neoehrlichia australis’ and ‘Can. Neoehrlichia arcana’ which were 
both recently identified in I. tasmani, as well as ‘Can. Neoehrlichia arcana’ being 
detected in Haemaphysalis bancrofti and H. humerosa ticks in QLD and NSW (Egan et 
al., 2017). Anaplasma bovis was also identified in H. bancrofti and H. humerosa ticks in a 
new locality in NSW, indicating that not only may A. bovis have a wider Australian 
ixodid host range that explored in this thesis, but that it is also much more widespread 
across the continent than previously known (Egan et al., 2017). How closely genetically 
related NSW A. bovis is to the WA and SA genotypes from this thesis is currently under 
investigation. 
 
Additionally, a second putative Borrelia sp. was recently identified in Australia, from 
Bothriocroton undatum ticks parasitising a lace monitor (Varanus varius) in NSW 
(Panetta et al., 2017). This new Borrelia sp. shares close homology to ‘Can. Borrelia 
tachyglossi’, B. turcica, and other reptile-associated putative spp., however, to date it has 
been characterised only at the 16S rRNA locus and requires further molecular 
characterisation. 
 
While this thesis has shed light on the diversity and systematics of Australian Anaplasma, 
Ehrlichia, Neoehrlichia, and Borrelia spp., almost no knowledge exists about their 
biology or ecology, such as their range of range of vertebrate hosts or ixodid vectors, 
transmission and infection dynamics, effects on wildlife health, or exposure and infection 
rates in people. Understanding these aspects of their biology and ecology will ultimately 
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take a concerted multidisciplinary research effort in future years, yet there are several 
research priorities that would greatly increase our understand of these organisms and 
facilitate further research. 
 
Firstly, it is important to continue screening native Australian ticks and vertebrates for 
novel and known tick-borne organisms to uncover their true diversity within Australia, 
and to more fully understand important aspects of their ecology such as their geographic 
ranges and prevalences, host and tick vector ranges and preferences, and incidental dead-
end hosts. However, it is important to move beyond just detecting these organisms and 
beginning to isolate and culture them in vitro in order to facilitate detailed genetic and 
phenotypic studies. Worldwide a wide range of Anaplasmataceae and Borrelia have been 
isolated and cultured in vitro either in mammalian and tick cell lines (Anaplasmataceae 
spp.), or BSK media (Borrelia spp.), however, unfortunately, the vast majority of tick 
specimens used in this thesis were preserved in ethanol, precluding the culture of any 
microorganisms. Anaplasmataceae and Borrelia spp. have previously been reliably 
isolated from questing or engorged ticks, and infected vertebrate blood, and future studies 
should prioritise sample collection methodologies that allow such material to be used for 
culture-based applications. 
 
Work in this thesis has demonstrated the utility of metagenomic techniques in the targeted 
sequencing and assembling of tick-borne bacterial genomes. Assembling and 
characterising the genomes of new Australian tick-borne bacteria can provide a vast 
amount of biological information about these species, such as detailed evolutionary 
histories, localised adaptions to Australian hosts and ticks, genomic predications of 
vertebrate virulence and life style (e.g. pathogen vs. endosymbiont), and pathogenesis 
(Merhej & Raoult 2011). Additional genomic sequences are also crucial for developing 
new molecular and serological assays for the detection and characterisation of these 
organisms including assessing intra-species genetic diversity, detecting acute infections, 
and detecting asymptomatic exposure to people and animals. 
 
7.5 CONCLUSIONS 
Research presented in this thesis provides the first comprehensive glimpse of the wide 
diversity of Anaplasma, Ehrlichia, and Neoehrlichia spp. in Australia, and the first 
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genomic characterisation of B. turcica and ‘Can. Borrelia tachyglossi. To date the work 
presented here together with ongoing investigations have substantially changed our 
understanding of Australia’s tick-borne bacterial composition, from a continent where it 
was previously thought that the Anaplasmataceae were restricted to only three introduced 
Anaplasma spp., to the current situation with highly diverse native Anaplasma, Ehrlichia, 
and Neoehrlichia spp. that includes nine putative and characterised species, as well as two 
additional species there were recently introduced to the continent. Additionally, the 
genomic characterisation of B. turcica and ‘Can. Borrelia tachyglossi’ has provided 
important insights into the evolutionary history and biology of these species, as well 
providing a significant genomic resource for future research. Like most new discoveries, 
the findings presented in this thesis lead to many new questions, and have been a catalyst 
for a variety of ongoing research projects investigating new scientific avenues and gaps in 
knowledge. While it will take a concerted scientific effort in future years to fully 
understand the diversity, biology, and ecology of Australian Anaplasmataceae and 
Borrelia spp., this thesis has presented foundational works in this field in Australia and 
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